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PREFACE

The Thirteenth William T. Pecora Memorial Remote Sensing Symposium

The Pecora 13 Symposium honors the memory of Dr. William T. Pecora, former Director of the U.S. Geological Survey,
Under-Secretary of the Department of the Interior, and a pioneer in space-based remote sensing.

The Pecora 13 Symposium will provide an opportunity for the international remote sensing community to exchange
information on the ways in which remote sensing is being used to understand and evaluate human impacts on the Earth and human
adjustments to environmental change. An important goal of the conference will be to identify priorities for addressing research needs,
accelerating database development, improving data archive and access, dealing with policy and implementation issues and related
areas.

Symposium Committee:

Dr. Robert Balstad Miller, CIESIN Honorary Co-chairperson
Dr. Dallas Peck, USGS Honorary Co-chairperson
James W. Merchant Technical Chairperson
Ronald E. Beck Conference Manager
Raymond A. Byrnes Publicity/Sponsors
Dennis Hood Exhibits
Michael Madigan Poster Session
Michael Mignogno NOAA
William Belton U.S. Forest Service
Donald Garofalo EPA
Denise Shaw EPA
Charlotte Griner NASA
Chris Johannsen LARS, Purdue University
Gary Johnson CIESIN
Bruce Quirk USGS
Arlys Johnson USGS
Janice Nelson EROS Data Center



REFLECTIONS OF BILL PECORA

The Pecora conference was honored by a visit from Wyn Pecora, widow of Dr William T Pecora, after whom the conference
was named and whom the conference series is dedicated. At the banquet Wyn shared a few memories of Bill and the early years of the
satellite era. Dr Dallas Peck, host for the banquet asked Wyn to offer her comments for the proceedings.

It’s great to be back in Sioux Falls after so many years and to renew friendships. When I was here last, the future of Landsat
was still, if you’ll forgive the pun, "up in the air." But it’s now going strong because so many people who cared wouldn’t let this
important scientific tool die. In the past I’ve talked to you about the program and the necessity to do everything to keep it alive. Now
I’ll speak to you about Bill Pecora.

A lot of people here knew him personally but most of you didn’t know him at all. He was a funny, sincere, and dedicated
person. When you read his papers you get to know the dedicated scientist. But he was more that that. I could tell you many stories
about him but I’ll mention a few.

Jim Balsley, his colleague at the USGS, came to Bill’s beloved Bearpaw mountains in Montana a long time ago. He flew out
on a plane with a magnetometer, trailing behind one of those used in World War II to spot enemy submarines from the air. Jim knew it
could be used to study the earth from the air, at a low altitude, so he got one. Bill was very excited about what it could do in giving
such important data for ground work. As I said, it flew low and going over the Bearpaws it got very bumpy. The young geologists got
very seasick in the air, but they did go back up - with some insistence.

Russia sent up a satellite called SPUTNIK, which circled the whole earth. Bill wanted a satellite then but there were many
obstacles. First, it seemed the Director of NASA was not interested in studying the earth. He wanted to land men on the moon before
the Russians did. This was something like the Washington Redskins and the Dallas Cowboys!! Even more importantly, the USGS had
a mandate to study and survey the United States, not the whole earth. Powers that be in the White House and the Stare Department felt
the whole thing was impossible. It would be called "a spy in the sky." Bill explained that was the last thing they wanted. He talked to
his daughter here about EROS, which means love, and said he wanted cooperation, NOT competition. Knowledge, to him, would have
no barriers. and, you’ve all known, I’m sure, how he convinced and begged with any department or person that could help or could use
such a valuable tool, for example, for crop studies, flood control, earthquakes, or any other earth problems or possibilities.

But he wasn’t alone in this quest. Bill Fisher, John DeNoyer and many others were in it all the way.

When he got necessary permission from the holder of government power, he came home and said "I may never work again."
For he had announced to the reporter that the satellite would go up after most government agencies had closed for the day.

And then there were explosions - especially from the White House and the State Dept. - but it was going up! Then, came
much discussion about where to build the Data Center. South Dakota, because it was so well situated for such a project, was chosen.
Yes, they found the best place to build the Data Center but there was no money to buy land to build it on! So the people you know (let
by al Shock) bought the farm for the building and other installations. The excitement was palpable, but you know the rest of the story.
He didn’t see the EROS building finished but he helped break ground for it. I came for the dedication and it was a moving time for all.

Now, that’s the serious side of Bill Pecora. There was a very funny and sensitive side as well. He did have a gift for being
able to explain his point of view. Senator Henry "Scoop" Jackson told me, when we were at the White House as the President signed
the Alaska Pipeline bill, "Bill could have made caster oil taste good." He tried his magic on me too but I wasn’t really fooled Before he
got his field party organized in Montana after the war, I was his unpaid assistant. I held the rod! Once, when he had me climb a hill of
gravel and heaven knows what else, to hold the rod at the Vermiculite mine at Rocky Boy, I asked him the name of the high hill Just
in back of him. He said "Rattlesnake butte." I screamed "rattlesnake" and then he said there are no rattlesnakes there, they just call it
that.

He was a fencer and was on the 1936 Olympic team that went to Berlin - the one that had the wonderful Jesse Owens on it!
Once, when we were coming back to Havre from the Bearpaws, he suddenly stopped the car on a very dusty, isolated road and jumped
out of the car. He grabbed a stick from the brush and then to my utter astonishment began fencing a rattlesnake he had spied in the
middle of the road, I was screaming "Get back in the car" which he finally did, saying "Yep, I had heard that a rattler is faster than a
man and that’s right. He’s a better fencer than I am."

He was not pleased when he was told that a visiting head of state wanted him to come to his hotel for a talk - but he went
naturally, However, he loved to talk with any and all about geology, especially students. A colleague of his said his young son
collected rocks. Bill told him to bring him around, he’d like to meet him, but the man never did. When he saw the man again he said "I
thought you were going to bring your son to see me!" The man said "I thought you would be too busy", so Bill told him to call



Charlotte, his assistant, for a convenient time. Finally, the boy, his father, and a box of rocks came to the Undersecretary’s office. The
men and boy talked and talked and talked. Meanwhile Charlotte, who had popped her head in the door several times, finally said "Dr.
Pecora, Secretary Morton says he simply can’t wait for you any longer."

He was very sensitive to all of nature - plants or animals. He would not fish for the sport of it, only if the food was necessary
for survival. When he was camping with his Princeton colleagues and professors and it was his turn to furnish the fish dinner, he took
off his jodhpurs and tied the bottoms of the legs, then stood in a narrowed mountain stream and caught his fish in his pants -no fish
hooks for him!

He had the feminine lead in one of the "Pick and Hammer" shows at the Survey - and nothing there is sacred. He played
"Clarabelle" - a woman geologist in the field with a male partner -Francois Wells. When he jumped out on the stage for his big
entrance, the house burst into laughter for here was this 220 lb man with a blonde curly wig, off the shoulder white blouse, and two
balloons placed in strategic places. Then he and Francois had a duet to sing. Francois got carried away and got closer and closer to
Clarabelle. Finally, in an old stage whisper that could be heard in the back row, he said "Francois if you kiss me, I’ll slug you" - which
brought the house down.

He didn’t see some of his dreams realized but, as my brother-in-law Monty Klepper told me as I had my first look at the new
USGS building in Reston, "Stop crying - it’s up and Landsat is circling the earth," These things came to be because of his love and
determination. That’s what matters and maybe he knows, wherever he is.

Here you can learn about Bill Pecora - the scientist and the leader, but I wanted you to know the other side of him, and there
are many more stories. He was an interesting, sensitive, loving man - not only for friends and family but he loved getting his hands
into dirt, building stone walls or a pavement at our house, pruning trees - he loved life in any form.

Earling Dorf, a professor at Princeton said Bill had a love affair with this earth. He left many wonderful memories for me and
others and he contributed greatly in making this earth a better, more productive place. For this we thank him. I, my daughter and
granddaughter, here tonight, thank you for remembering him and honoring him.



 Dr. Crofton Bernard Farmer

Dr. M. Patrick McCormick

WILLIAM T. PECORA AWARD
Presented to

Dr. Crofton Bernard Farmer and Dr. M. Patrick McCormick

The 1996 William T. Pecora Award is presented to Dr. Crofton Bernard Farmer in
recognition of his outstanding achievements in the use of remote sensing for the scientific
investigation of chemical processes leading to the depletion of stratospheric ozone.

Dr. Farmer is an internationally renowned atmospheric physicist who led the devel-
opment of near-infrared Fourier Transform spectroscopy for highly sensitive atmospheric
measurements. He was the first to detect stratospheric nitric oxide and to determine accurately
the levels of reactive oxides of nitrogen in the stratosphere. In 1974, Dr. Farmer was awarded the
first of three NASA Exceptional Scientific Achievement Medals for developing an instrument to
measure simultaneously the concentrations of many neutral molecular species in the Earth’s
atmosphere.

For over 20 years, Dr. Farmer has provided insightful leadership in the NASA
stratospheric measurements program, using instruments on unmanned stratospheric balloons.

This program significantly contributed to understanding the ozone depletion phenomenon over Antarctica. In 1985, he made the most
advanced measurement of the composition of the Earth’s upper atmosphere when his Atmospheric Trace Molecule Spectroscopy
(ATMOS) instrument flew on the Space Shuttle Spacelab 3. ATMOS obtained simultaneous spectra of 40 different atmospheric
constituents, providing, precise measurements of nearly all the important interacting species and their spatial and temporal variation so
that the complex process of ozone depletion chemistry could be examined.

At the Jet Propulsion Laboratory and the California Institute of Technology, Dr. Farmer has been the Manager of the
Atmosphere Research Section (1972-74), a Visiting Professor (1978-8 1), and a Senior Research Scientist (1984-89). Dr. Farmer is
now a Distinguished Visiting Scientist and consultant at the Jet Propulsion Laboratory, California Institute of Technology.

The 1996 William T. Pecora Award is presented to Dr. M. Patrick McCormick in
recognition of his outstanding contributions to the pioneering advancements of both active and
passive remote sensing of the Earth’s atmosphere from space.

Dr. McCormick is an internationally recognized leader in the development and use of
space-based remote sensing techniques to study the trace constituent chemical composition,
aerosol loading, and cloud distributions of the Earth’s troposphere and stratosphere. Through his
leadership as the principal investigator of three important families of instruments-the Stratospheric
Aerosol and Gas Experiment (SAGE), the Stratospheric Aerosol Measurement (SAM II), and the
Lidar In-space Technology Experiment (LITE) - Dr. McCormick has demonstrated the power of
space-based remote sensing and its contributions to the understanding of both the climatology of
atmospheric constituents and particulates, and the intimate roles that they play in the chemistry of
ozone depletion. Dr. McCormick has played a key role in the development of active remote
sensing of the atmosphere using lidar. For over two decades, he has worked with national and

international collaborators to develop the theory and application of this emerging technology, making lidar a fundamental technique
for observing the atmosphere.

Dr. McCormick, who is now affiliated with Hampton University, led the Aerosol Research Branch at the NASA Langley
Research Center, which is actively involved in ground-, aircraft-, and space-based measurements in US and international programs.
He serves the atmospheric community in many ways-as the Chairman of the International Coordination group on Laser Atmospheric
Studies of the International Radiation Commission, Chairman of the Stratospheric Aerosols Committee of the International Global
Atmospheric Chemistry Program, and a member of the National Academy of Sciences Panel on Aerosol Radiative Forcing and
Climate.
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FRONTIERS OF EXPLORATION:
REMOTE SENSING AND SOCIAL SCIENCE RESEARCH

B. L. Turner II
Center for Environment, Development, and Technology, George Perkins Marsh Institute

Graduate School of Geography,
Clark University

ABSTRACT, Social science research is largely driven by competing perspectives that provide different lenses through which to view
and construct the world. Other "drivers" of this research are viewed with suspicion. Remote sensing, coupled with GIS, constitutes a
burgeoning driver because the base data and analysis generated portend new and important insights for the core themes of the social
sciences. Despite this potential, the practitioners centered in the cores of the social sciences have been slow to explore the use of
remote sensing and GIS in their research, an exploration undertaken largely by specialists situated outside these cores, heightening the
suspicions noted. If this exploration seeks to engage the social science cores successfully, a number of issues require scrutiny, such as
the ability to address social issues beyond proximate variables. Examples of attempts to do so are drawn from research on land-use
and land-cover change. The reality that remote sensing- (and GIS-) based research on environmental themes linked to the social
sciences win increasingly be funded disproportionately to the more traditional means of social science research, accentuates the need
for this scrutiny.

PROMINENT VIEWS

The social sciences address three fundamental themes of humankind: our relationship with the mystical and the religious, our
relationship with one another, and our relationship with nature. Of these, the overwhelming amount of attention is given to the middle
theme-our relationship with one another. The shear number of professionals trained and amount of research undertaken within
economics, sociology, political science, and psychology support this observation.

The intellectual cores of the social sciences, moreover, are not driven so much by improved evidence and accepted
explanations of relationships as by competing explanatory frameworks with which to view them. Enormous energy is spent
developing and defending various frameworks for understanding -frameworks that inform us of the kinds of questions we should ask,
the kind and level of evidence required to answer them, and the ways in which evidence is connected to explanatory logic. This
emphasis on competing perspectives means that the social sciences do not advance so much by problem-solving as by enlarging the
number of frames through which the problem is viewed, thus offering the potential of holism and nuance in our understanding.

These two attributes of the social sciences-thematic emphasis and competing frameworks-play important roles in the way
social science practitioners in general view the virtual explosion of research attention and dollars given to remote sensing and its
accompanying analysis through geographical information systems. The application of both to problem solving beyond the physical
sciences are viewed with suspicion for several reasons. First, this genre of research is perceived, often with minimal understanding, to
be driven by data and technique and not by the competing intellectual frameworks that have historically served the social sciences.
Second, the most immediate and effective use of remotely sensed data for the social sciences-at least in terms of that which is aerial
and satellite in origin-is in its application to the fundamental theme of our relationship with nature and to questions of spatial relations.
Neither this theme nor spatial questions have captured the core of the social sciences-the size and relative position of geography within
this core is an appropriate measure of this claim. Third, the use of remotely sensed data for social science research usually directs our
attention to what can best be described as "proximate" sources of understanding-the most immediate human activity to the observed
phenomenon. The core social sciences, in contrast, are driven by interests anchored in the deep or "distal" sources of the observed
outcome-be they embedded in agency or structure.

These suspicions not withstanding, the social sciences have increasingly begun to address environmental issues, in part a
response to the strong signals of societal concern. In doing so, they are slowing beginning to understand the potential usefulness of
remotely sensed data combined with GIS for many of the problems that they claim within their purview. The word "potential" must be
stressed because that usefulness has been demonstrated largely for problems that are seen as peripheral to the social sciences or of
interest to only small research segments among them. This social science drift towards the use of remote sensing-perhaps the best
descriptor for the move in question-also has various spinoffs that portend to strengthen social science research in general and
particularly that linking to human-environment relationships. Among them are linkages with the physical sciences that may help to
foster a greater appreciation for the different perspectives and means of understanding human-environment relationships, and,
importantly, increasing attempts to stretch the applicability of remote sensing to the more social and distal connections with the
environment.



In the remainder, one research program is reviewed that seeks to link the social and natural sciences explicitly through a
major human-environment question, a link anchored by remote sensing, specifically GIS-based analysis of satellite imagery. Three
examples are then used to illustrate the kind of explorations that may prove fruitful to social science interests. Finally, the significance
of this exploration for social science interests within the larger global change and sustainability research agenda is detailed.

The reader is reminded that I am neither a remote sensing nor GIS specialist. My examples are drawn from various projects
and individuals associated with the George Perkins Marsh Institute, Clark University, an interdisciplinary research program devoted to
the study of human-environment interactions, many of which are addressed by way of remote sensing and GIS. These examples and
the opinions presented on the frontiers in question are, thus, those of a "proximate" researcher, if you will, one abutting the interest
and expertise in the Pecora community and attempting to translate some of them into the social sciences.

LAND-USE/COVER CHANGE

The program of study in question, as you might guess, is Land-Use/Cover Change or LUCC-the first effort of the IGBP and
the IHDP to bring together the natural and social sciences to help advance understanding about a major facet of global environmental
change (Turner et al. 1995). LUCC has taken more than five years to develop, but during that development was vetted through an
international research community that numbered in the hundreds and involved experts from those regions of the world in which the
greatest action in land-use/cover change is taking place. LUCC now constitutes a Core Project/Research Programme of the IGBP and
the IHDP, complete with a new core office in the Institut CartogrAfic de Catalunya in Barcelona.

Land-use/cover change is intimately connected to most every facet of global environmental change (Meyer & Turner 1994).
Changes in the terrestrial cover of the earth not only contribute significantly to potential climate change through albedo, trace gasses,
and the hydrological cycle, but are fundamental to such other global change subjects as loss in biodiversity and sustainability of
human occupation.

These changes are driven largely by human use of land. Use, in turn, is a complex outcome of the human demands, the
technological capacity to achieve those demands, and the biophysical qualities of the land. The LUCC dynamic, therefore, integrates
understanding of human agency, structure, and capacity-the social sciences-with that of biophysical conditions, impacts, and
responses-the natural sciences. To date, this integration has largely been undertaken by "tweeners," those situated fully in neither of
the social or natural sciences and readily drawing on the empirical and analytical capacities of remote sensing and GIS. The needs of
LUCC, however, increasingly require more distal linkages into the nature of social structures and human behavior and of the
biophysical feedbacks, requiring the level of expertise that the tweeners may lack.

The overall aims of LUCC are to improve understanding of the dynamics of land-use/cover change sufficiently so that they
can be incorporated into robust integrated models as well as projections of global change in general. Importantly, it is recognized that
these aims cannot be met by global or continental scale modelling alone-the regional variations in the kind, magnitude, and pace of
change and in the complex suites of driving forces pushing land-use/cover change are simply too large to ignore. Thus the aim is to
build a hierarchial understanding based on coupling or integrating models across spatial and temporal scales.

These aims raise a suite of research and methodological problems that cannot be listed here but are detailed in the LUCC
Science Plan (Turner et al. 1995). That plan frames the ways in which the various issues and approaches should be addressed through
three research foci--each focus with its own modelling efforts. Focus 1 research seeks to understand the forces acting on the land
manager, leading to the land manipulation in question (e.g., irrigated rice cultivation or clear cutting of forests). Focus 2 observes the
land-cover outcomes of Focus 1 from remote sensing stations, adding the spatial and temporal components that simply cannot be
observed sufficiently from ground-based approaches. Together, foci 1 and 2 provide the basis for the development of regional
understanding and models of LUCC. These results feed into Focus 3 which seeks to improve macro-scale, integrated models of LUCC
and link them in meaningful ways to the regional and local scales.

Focus 3 is primarily an exploration in modelling based on the empirical fit. Foci 1 and 2, however, require field work that
interlock ground studies of land managers with remotely sensed imagery and GIS. VVhile a large range of approaches might be used
in these two foci, one example illustrates what the project has in mind.

FROM LUCC TO THE SOCIAL SCIENCES: EXAMPLES

The southern Yucatan peninsular region, once part of the heartland of the ancient Maya, was essentially abandoned-only
ephemerally occupied- from about A. D. 950 until the middle of this century. At that time the logging of tropical hardwoods became
important, but sustained occupation awaited the construction in the late 1960s of a paved highway linking the Atlantic and Caribbean
coasts of the peninsula. Like Amazonia, this road opened the areas along it to settlement and deforestation, especially in response to
the boom economy of the petrodollars in 1980s. Land-cover was converted to various uses by smallholder farmers with a strong



subsistence orientation, by NGO-sponsored, large-scale development projects aimed at market production, and by private ranchers.
More recently, NGO schemes have been directed to biosphere reserves to preserve the remaining forests.

The region, therefore, has at least four principal kinds of land managers, each with very different objectives and responding
to different signals in the socioeconomic system: immediate population growth, government-set prices in maize, NGO-rules and loans,
local to national beef markets, and so forth. Their actions lead to a mosaic of land-uses with different land-cover consequences. These
consequences, of course, can be observed and tracked through Landsat and other imagery, the results of which can be inserted into
various GIS analyses. One such analysis linking foci 1 and 2 that has not been explored adequately is Markov probability modelling.

Of course, Markov approaches are not new (Lambin 1994): spatial geographers explored their use over 20 years ago but did
not cull from this work the broader lessons applicable for the social science community. More recently, ecologists with land-cover
interests have begun to explore Markov again. What we have in mind, however, are not the classical Markov assessments based on the
past trajectory of cover changes alone, but on a firm understanding of the probabilities of a particular cover-trajectory as affected by
its current use, kind of land manager, and the socioeconomic dynamics impinging on both. In other words, we seek to "socialize the
pixel" in order to account for the ultimate source of the changes that we observe through satellite imagery. Yelena Ogneva-
Himmelberger has undertaken a trial effort of this kind and a larger Clark University-Carnegie Mellon University team will continue it
in the near future.

We suspect that NAFTA has had little impact directly on land-use/cover dynamics in the southern Yucatan peninsular region,
but local changes in resource institutions have had powerful impacts. These changes determine who has access to what land, how
much land, and under what tenurial arrangements: for example, ejido [communal] lands converted to privately owned ranches or
shifting agriculture intensified in the face of NGO and government enforcement of biosphere reserves. These and other socioeconomic
changes play out differently among the competing land managers, profoundly affecting the probabilities that a particular cover type
will change in the near future. Duration analysis (or hazard modelling as it is known in economics) affords an interesting way to link
the behavior of the land managers to the dynamics of Markov cover change.

This LUCC (foci 1 and 2) approach not only raises a series of issues for Markovian and GIS analyses, but begins to stretch
the use of satellite data beyond land cover to the associated land uses. Regional-scale ground truthing is expensive and not conducive
to sustained monitoring of the changes taking place. LUCC, therefore, seeks to interpret land use from remotely sensed imagery and
the precision involved must exceed such obvious gross classifications as forest and cultivation. The Pecora community is aware of the
problems inherent in this stretch, but LUCC researchers in general believe that with complementary ground studies the frontiers noted
can be pushed considerably, and in so doing, made far more relevant for the considerations of LUCC and the social sciences in
general.

Let us now leap continents, landing near the roof of the world in Nepal, for an illustration that draws us away from the
IGBP-IHDP LUCC program per se and more deeply into the interests of the social sciences. A central set of issues crosscutting
disciplines, subfields of study, and intellectual interest is that of equity, poverty, and development. Indeed, even in those segments of
the social sciences most strongly connected to LUCC, equity, poverty, and development resonate far more powerfully than does
environmental change. This change becomes a central issue not so much because of its environmental consequences but because of its
implications for equity, poverty, and development. For much of the less development world, these issues involve land and land use at
the locale level, typically among a large rural population, settled in dispersed villages across the landscape. Can satellite imagery be
stretched in its use to supply information about the social trajectories of changes taking place? For example, can it be used to detect
the relative wealth or poverty of a locale and, over time, the trajectory of its material well being, understanding that such use must be
grounded in rigorous ground controls?

Our initial attempts to observe indicators directly from the settlements themselves, such as the presence of tin roofs or
increased pavement, for three areas in Nepal have been disappointing, a classical problem of the mismatch between pixels and
observed phenomena (Millette et al. 1995). Interestingly, however, the village landscape provides promise as a surrogate indicator.

The common indicators of a village’s wealth involve the proportion of its settlement area with lopped trees, an adjacent
closed canopy forest, and the proportion of land irrigated. Satellite imagery, in fact, may provide signals of such landscapes and hence
be used to track the trajectories of change through time. Recognizing the problems that the Pecora community has encountered in
pattern analysis, the landscape signals in question are not those of specific spatial patterns in the imagery but for clusters of signals
that are in proximity with one another, independent of the specific pattern of the pixels. This line of investigation is risky and must be
backed by considerable field experience, but its potential significance drives to the very heart of social science concerns.

The suggestion is, in a larger sense, that considerable insights relevant to the social sciences can be gained by further
exploration of the remotely sensed data through creative data mining. Researchers in Clark Labs (George Perkins Marsh Institute), for
example, are using time series and principal component analyses of remotely sensed data in this way. They are consistently finding



signals of significant human-environment relationships hidden deep within the data that are temporally rich, if coarse in resolution.
Thus exploring the efficacy of park reserves in Malawi, they found strong evidence of the loss of reserve forests, not from clear
cutting but by progressive thinning from forest poaching by residents adjacent to the reserves (Eastman & Toledano 1996). This
discovery, with its biophysical, social, and policy implications, was found in the seventh residual of the analysis!

We have now descended the Himalayas and crossed the sea to Africa where we will remain for the final example. The Sahel
is a region of acute interest given its growing land pressures, high levels of poverty, and susceptibility to the temporal and spatial
vagaries of precipitation. Both the social and policy sciences seek to understand human vulnerability to these vagaries, but not as
understood through precipitation patterns alone. Human vulnerability to perturbations in the expected pattern of precipitation is a
product of the socioeconomic character of the individual household, village, or group in relation to the perturbations, in this case,
drought. Thus, merely following the physical impacts of precipitation, such as through remotely sensed data derived from NDVI
(Normalized Difference Vegetation Index), is not sufficient to assess who and what is vulnerable. This knowledge requires a merging
of physical and socioeconomic information.

Mahadevan Ramachandran and J. Ronald Eastman, among others, are exploring such mergers for West Africa. Their work is
dramatically simplified here. Vulnerability to drought across West Africa is calculated in a multi-criteria evaluation setting using a
series of biophysical and socioeconomic data. To make the variables comparable, they use standardization techniques, both
conventional z scores and fuzzy logic based on standardization.

Principle Component Analysis is then used to determine what sets of variables are highly informative. Two components
explain over 70% of the variance in "risk to drought" or vulnerability: one loads highly on a set variables suggestive of poverty and the
other, of intensive market cultivation. The first result is consistent with prevalent views emanating from social science interests; the
second result is not so consistent and demands careful study.

The importance of this example for the social sciences is not so much the validity of its results, but the kinds of insights that
it provides, challenging prevalent views about who and where the most vulnerable farms and farmers are in West Africa. Of course,
with superior socioeconomic data and more in-depth analysis, improved projections of crop impacts and food deficits linked to
drought may follow-a central issue for the policy sciences.

Finally, this exploration suggests that the difference in scaling procedure (use of fuzzy logic) had a stronger affect on the
results than did the developments of weights. The recasting of variables into Fuzzy Set membership statements provides a greater
degree of flexibility as well as a more explicit degree of flexibility in the scaling process-a finding that the researchers are pursuing.

SUMMARY OBSERVATIONS

The examples provided here only scratch the surface of the potential to link remote sensing and GIS more closely to the core
concerns of the social sciences. The remote sensing research community might ask why it should explore this potential when it has yet
to resolve adequately some of the more glaring issues confronting its more immediate application concerns. The historical answer is
simple and embedded in classical diffusion theory: all frontiers expand before the space behind is completely filled. Another answer is
that social science concerns cannot be addressed without emphasizing probability, and as I understand it, probability issues remain at
the forefront of the interests of the Pecora community. There are deeper and more important implications for pushing the exploration
of the frontier now, however, and they involve the interactive character of research and practice.

The social sciences stand at a difficult moment relative to the forces that are directing and driving research agendas and hence
funding in regard to the environment, resource use, and related issues. The international science communities and the public alike have
identified such themes as global environmental change (in it broader meaning) and sustainability (e.g., National Research Council’s
Board on Sustainability) as the central issues of concern for the near and perhaps longer-term future. It is universally recognized that
much, if not most, of the change in question as well as what is sustainable is driven by human action and that the feedbacks from the
biosphere portend significant impacts on humankind in general. Despite this recognition, the social sciences have had an extremely
difficult time defining their role in these themes and attracting sufficient research interests, save perhaps within its policy ranks. Thus
the IHDP almost faltered, while the natural science programs such as the World Climate Research Program (WCRP) and the IGBP
prosper. The Human Dimensions of Global Environmental Change committee of the NSF was disbanded, and the decisions about
human dimensions funding were placed in the hands of disciplinary committees. These committees and many governmental agencies,
both here and abroad, fail to follow the few rigorously defined and well structured programs aimed at or involving the human
dimensions, but tend to follow idiosyncratically defined objectives. For the social sciences, this process usually involves a strong
disconnect from the central needs of the global change research community.

One of the exceptions to the broader predicament noted is the general agreement among the international and governmental
funding agencies, especially NASA, to support the IGBP-IHDP LUCC science plan. Within that plan, the most significant funding



seems destined for research Focus 2-the one based on the use of remotely sensed imagery and the modelling that can be linked to it.
This emphasis, real or perceived, provides fodder for the prevalent social science view that natural science and techno-assessment
approaches are invading the social domain or are being substituted for the social science research in LUCC. This view errs in its
reasoning, although the projected consequences-a disproportionate amount of research funding directed to problems that can be
broached through satellite imagery-may well be on target.

The remote-sensing community, therefore, commands an extremely important pragmatic and intellectual position not only for
global change science but for much of the science of human-environment relationships in general. The bulk of the programmatically
defined research funding on these relationships will flow in research fields relevant to the Pecora community. The scale and kind of
movement that the social sciences make towards global environmental change and sustainability themes in no small part involve the
capacity of remote sensing to facilitate the core social science concerns in these themes. If the full frontier identified is not adequately
explored, then we surely restrict ourselves to the "proximate" level of understanding and interests and thus insure that a substantial
barrier will remain between the social sciences and the remote sensing community, maintaining our muted understanding of
human-environment relationships. If, on the other hand, the frontier is explored fully in tandem with the social sciences, we increase
the potential for the barriers to fall and for major breakthroughs in understanding to take place. Pecora and the remote sensing-GIS
community are strongly encouraged to make this exploration.
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ABSTRACT:

Annual emissions of carbon from terrestrial ecosystems are calculated at present from two types of data: rates of land-use
change and changes per unit area in vegetation and soil that result from land-use change. However, emissions calculated from these
data are higher than emissions obtained independently from analyses based on geochemical data. The difference suggests that
ecosystems unaffected by land-use change are accumulating carbon. The total change in terrestrial carbon storage (including those
changes caused by land-use change as well as by other processes) might be determined with data from satellite, but the approaches
would be different from the approach based on land-use change, alone, and would depend on new types of data made available
through improved technology. Three examples are especially appealing. First, MODIS data might be used to record changes in global
cover that, in turn, would allow modelling of both natural and human-induced changes in carbon. Second, long-wavelength radar on
satellite might provide a direct measurement of the amount of carbon stored in above-ground vegetation, the component changed most
by management. Third, a satellite profiler capable of measuring vertical gradients of C02 in the troposphere would provide data for
computation of total emissions of carbon. The types of data required depend on the technologies available.

INTRODUCTION

Over 150 countries have ratified the United Nations Framework Convention on Climate Change, the objective of which is ...

... to achieve stabilization of greenhouse gas concentrations in the atmosphere at a level that would prevent dangerous
anthropogenic interference with the climate system. Such a level should be achieved within a time-frame sufficient to allow
ecosystems to adapt naturally to climate change, to ensure that food production is not threatened and to enable economic
development to proceed in a sustainable manner.

The Convention defines two scientific challenges, one implicit and one explicit. The implicit challenge is to understand the
global carbon cycle well enough to specify the future emissions of C02 that will keep the rate of increase and the absolute
concentration of atmospheric C02 (and thereby climate) within bounds consistent with the objective of the Convention.

The explicit challenge is to determine the emissions of greenhouse gases from each country. The Convention calls for the
industrialized nations to have determined their 1990 emissions by 1994, and the developing countries and countries in economic
transition to have determined theirs by 1997. Carbon dioxide has been and is projected to be the most important of the greenhouse
gases resulting from human activities. The emissions of C02 are from use of fossil fuels and from forestry and changes in land use.
The use of fossil fuels and the carbon emissions associated with different types of fossil fuels are known well enough to calculate
global emissions to within + 10% (Andres et al., in press). Emissions from terrestrial ecosystems as a result of forestry and land-use
change are less well known.

The purpose of this paper is: (1) to review the approach and describe the data requirements for estimating emissions of
carbon (largely C02) from changes in land use; (2) to review the discrepancy between estimates obtained through this approach and
independent estimates obtained from geochemicalapproaches; and (3) to offer alternative approaches that have the potential for
increasing the accuracy of estimated C02 emissions if the appropriate technology were available.

ESTIMATING EMISSIONS OF CARBON FROM LAND-USE CHANGE

The approach for estimating emissions of carbon resulting from changes in land use was developed by scientists then at the
Marine Biological Laboratory in Woods Hole and the University of New Hampshire (Moore et al. 1981, Houghton et al. 1983,
Woodwell et al. 1983). The approach is based on the fact that forests hold 20 to 50 times more carbon per unit area of land than
agricultural lands, and that the conversion of forests to cleared lands releases carbon to the atmosphere, while reforestation of cleared
lands withdraws carbon from the atmosphere. Carbon is released to the atmosphere from forests cleared for agriculture when the
vegetation is burned (50% of the dry mass of trees and herbaceous plants is carbon), when residual plant material (roots and stumps)
decays, and when soil carbon is oxidized. Cultivation of the soil often results in a 25-30% loss of soil carbon. The losses of carbon
with burning are rapid; the losses with decay may occur over decades.



The emphasis is on forests because the greatest changes in terrestrial carbon occur with deforestation and reforestation.
However, the cultivation of grasslands also releases carbon from soils, and has been considered in the analyses of land-use change
described here. The net flux of carbon between the atmosphere and terrestrial ecosystems is the sum of these losses and
accumulations. From the atmospheric perspective, releases of carbon are positive and withdrawals (accumulations on land) are
negative.

The approach for calculating the net flux of carbon tracks all of the carbon initially contained in an affected ecosystem. The
components include (1) living vegetation (both above- and below-ground), (2) woody debris and residue left on site as a result of land
management, (3) wood products removed from the site (fuelwood, pulp, timber), and (4) soil. Figure la shows the changes in these
reservoirs that follow the clearing of a hectare of forest for cropland and the changes that follow the abandonment of cropland and the
recovery of forest. Figure lb shows the exchanges of carbon with the atmosphere that result from these changes in terrestrial carbon
Storage.

Changes in Carbon Per Unit Area

The approach requires two types of data: rates of land-use change and per unit area changes in carbon associated with
land-use change (Fig. 1a). The most important changes in land use, from the perspective of the carbon cycle, are those that affect the
area of forests and those that affect the area of cultivated land. Most often the two changes are the same, as forests are generally
cleared for croplands; but forests are also cleared for uncultivated pasture, and prairies may be cultivated without a change in forest
area. The area of forests may also be increased by afforestation, or the establishment of forests or tree plantations on land not
previously forested, or, at least, not forested within human memory.



Another important change in land use is harvest of forests, although most harvests are followed by regrowth, and the carbon
lost through the decay of woody debris left in the forest and wood products removed from the forest may be largely balanced by the
carbon accumulated again in recovering forests. Over a sufficiently long period, the net flux of carbon is close to zero. Over decades,
however, harvest and regrowth of forests can lead to either net losses or accumulations of terrestrial carbon depending on changes in
the rates of harvest and the relative rates of decay and regrowth. In the tropics where the rates of deforestation for new agricultural
land are high, harvests are of secondary importance to the carbon balance. In northern temperate zones, where agricultural areas have
been relatively stable for decades, the net flux of carbon depends on the balance between emissions of carbon from decay of harvested
products and accumulations of carbon from regrowth of forests logged in previous years.

For the approach described here most of the data on biomass, soil carbon, rates of decay, and rates of growth were obtained
from published accounts of measurements made in the field in different types of ecosystems, under different types of land-use change.
The approach requires data from many more locations than have been measured, however. As a result, average stocks and rates are
determined for major types of ecosystems and land use, and these averages are assumed to apply throughout large regions (Fig. la is an
example of the stocks and rates of change associated with clearing a temperate zone deciduous forest for crops, cultivation, and
subsequent abandonment of the cropland). In the absence of spatially detailed data, the approach has been highly aggregated.

Rates of Land-Use Change

The second type of data required for this approach is the rate of land-use change, for example, the rate of deforestation and
reforestation (ha/yr), the rate of agricultural clearing and abandonment (ha/yr), and the rate of harvest (m3/yr or ha/yr). Although many
of these rates may be obtained currently from satellites providing data of high spatial resolution (Houghton 1995a), reconstruction of
net emissions over the last two centuries requires data from other sources. For analyses of the long-term flux, historical data have been
obtained from the statistical reports of agricultural and forestry institutions, both national and international (Houghton and Hackler
1995).

In recent years, satellite data have been used over large regions to determine rates of land-use change. The Landsat Pathfinder
Project, funded by NASA, USGS, and the US EPA, has focused on large areas in the humid tropics: the Brazilian Amazon (Skole and
Tucker 1993), Southeast Asia, and Central Africa. The work has confirmed the importance of measuring more than rates of
deforestation. It has shown, for example, that a considerable fraction of the lands deforested are abandoned again after a few years.



This abandonment is important because carbon accumulated in regrowing secondary forests may offset some of the carbon lost from
deforestation. Rates of deforestation and reforestation are both important.

Furthermore, there are good reasons for recording the location of change. Secondary forests established on abandoned
agricultural lands may be cleared again after only a few years. After 6-12 years, these secondary forests may be indistinguishable from
primary forests with optical data (Steininger 1996), but they will contain considerably less carbon than primary forests, and clearing
them will release less carbon than clearing primary forests. On the other hand, if they are not cleared again, they will continue to
accumulate carbon. In the absence of direct measurement of biomass, the number of years since disturbance (or age) is the best
indicator of growth (accumulation) rate. Because of the time lags associated with regrowth and decay, enumeration of the total areas
cleared and abandoned yields a more accurate estimate of flux than net changes in area (either forests or agricultural lands). For all of
these reasons, changes in land use must be recorded both spatially and temporally. The history of previous land use is important in
determining carbon emissions.

A Model

The types of data described above have been used in a model to calculate the net flux of carbon resulting from land-use
change. The changes in carbon per unit area (response curves) (Fig. 1a) were defined for different combinations of ecosystems and
land uses in different regions. In a global analysis by Houghton and Hackler (1995), the world was divided into nine geopolitical
regions, each one containing between 3 and 8 types of ecosystems, both natural and managed. A total of about 60 ecosystem types
were cleared, abandoned, or harvested. Harvests were of both timber and fuelwood, involving different efficiencies of wood removal
and different rates of regrowth.

Each year in the model, the area of an ecosystem cleared, abandoned, or harvested becomes the first cohort (or age class) in
the response curve for that ecosystem and land use (for example, clearing of a temperate deciduous forest in North America for
cropland). The live vegetation is assigned to pools that decay at rates appropriate for the fates of woody debris and different wood
products. The hectares in that cohort lose carbon from soil each year until the carbon content has reached its new equilibrium (the
minimum carbon content in cropland). The hectares are then added to a pool of similar hectares accumulated from earlier clearing of
North American temperate deciduous forests for crops. No further losses or accumulations occur in these lands unless they are
abandoned, in which case that number of hectares is started along a response curve for abandonment. These lands, in turn, accumulate
carbon in !ive vegetation and soil until the recovered equilibrium is reached. At the new equilibrium, no further changes in carbon
would occur unless a subsequent year calls for another use of North American temperate deciduous forest.

Besides tracking the areas and carbon content of lands affected by land-use change, the model tracks the pools of carbon in
wood left in the forest and removed from the forest following a change in land use. Wood left in the forest decays exponentially in the
model with a rate depending on the type of ecosystem. Wood removed from the forest decays at constants of 1.0 yr-1, 0.1 yr-1, 0.01
yr-1, or 0.001 yr-1 depending on the distribution of products among end uses: fuelwood, pulp, lumber, and elemental carbon formed as
a result of fires, respectively.

Results

The net annual flux of carbon from global changes in land use between 1850 and 1990 is shown in Fig. 2 (upper curve). Over
this period changes in land use accounted for about a third of total anthropogenic emissions of carbon (112 PgC from land-use change;
225 PgC from combustion of fossil fuels) (1 Pg = 1015g = 1 billion metric tonnes). Before 1910, the emissions from land-use change
exceeded those from fossil fuels.

Over the decade of the 1980s the net flux resulting from changes in land use is calculated to have averaged 1.6 PgC yr-1.
Fossil fuel emissions averaged about 5.5 PgC yr-1. Essentially all of the land-use flux was from tropical deforestation. Temperate zone
and boreal lands are calculated to have been neutral with respect to carbon, emissions from decay balancing accumulations in
regrowing forests. Other types of analyses have estimated different net fluxes, different from each other as well as different from those
based on changes in land use.



RESULTS FROM GEOCHEMICAL ANALYSES

1850 to 1990

Long-term and contemporary data on atmospheric C02 provide constraints on the sources and sinks of terrestrial carbon. The
long-term constraints are based on models of the ocean’s carbon cycle. Inverse calculations with these models, together with the
history of atmospheric C02 concentrations and fossil fuel emissions, allow terrestrial sources and sinks to be inferred. An example of
one such inverse calculation is shown in Fig. 2 (curve b).

The historical pattern of the inferred terrestrial flux is different from the flux calculated from changes in land use. The latter
generally increased over the period 1850 to 1990, from about 0.4 PgC yr-1 in the nineteenth century to 1.7 PgC yr-1 by 1990. Most of
the increase occurred after 1950. In contrast, the flux inferred from inverse calculations using an ocean model (Sarmiento et al. 1992)
generally decreased over this period from a net source of about 0.4 PgC yr-1 to a net sink of almost 1 PgC yr-1 in the 1970s. In the
1980s the net sink diminished to 0 PgC yr-1 . The annual flux from land-use change and the inferred flux were similar before the early
decades of the twentieth century, suggesting that land-use change accounted for most of the changes in terrestrial carbon storage.
Between 1900 and the early 1970s, however, the difference between them increased.

The most likely explanation for the difference between the two fluxes is that changes in land use do not account for all of the
changes in terrestrial carbon. The inferred flux may represent the net flux of carbon from all terrestrial ecosystems; the flux from
land-use change represents only that flux from ecosystems deliberately managed by humans. The difference between the two (net
minus land-use change) may represent changes in carbon storage that were not the result of deliberate human activity. This difference
is shown by the lowest curve in Fig. 2. After 1900 the difference implies an annually increasing terrestrial sink for carbon, reaching 2
PgC yr-1 in the 1970s. Possible explanations include fire suppression (not included as a land-use change) and the response of
ecosystems to environmental changes, such as increased C02 concentrations, increased mobilization of nutrients or toxins, or changes
in temperature or moisture.

Over the period 1850 to 1990, the total net loss of carbon from terrestrial ecosystems is estimated to have been 25 PgC
(Sarmiento et al. 1992); the loss from changes in land use was 112 PgC (Houghton and Hackler 1995); and the difference (87 PgC)
presumably represents an accumulation of carbon on land. The difference shown in Fig. 2 represents the historical trend in the



imbalance of the global carbon cycle (the so-called "missing" carbon). Between 1850 and 1980 the trend suggests an accumulation of
carbon on land that was proportional to industrial activity. Between 1945 and 1990, the trend is more closely related to changes in
global temperature, with higher temperatures reducing the annual accumulation of carbon on land (Houghton 1995b). For the 1980s,
the net terrestrial flux according to inverse calculations was close to zero, requiring that about 1.6 PgC yr-1 accumulate somewhere on
land to balance the release from tropical deforestation.

The 1980s

Two other types of geochemical analyses are based on models of atmospheric mixing and, in one case, atmospheric
variations in the concentrations of C02 and 13C02 (Ciais et al. 1995), and, in the other case, atmospheric variations in the ratio of 02/N2

(Keeling et al. 1996). These analyses cover a shorter period of years (1 to 4 years) than the inverse calculations with an ocean model,
but they enable spatial (latitudinal) resolution of sources and sinks (Table 1). Both of these analyses show a large uptake of carbon in
northern mid-latitude lands. They vary in their estimates of a tropical flux.

The difference between the estimates of flux obtained by geochemical approaches and the estimates obtained by the land-use
approach could be the result of errors in one or both of the analyses. On the other hand, the difference might result from the fact that
ecosystems not directly effected by land-use change are nevertheless accumulating (or losing) carbon, as hypothesized for the
long-term flux, above (Fig. 2). The inferred global accumulation on land of about 2 PgC yr-1 has not been observed, although data
obtained from forest inventories suggest that as much as 0.8 PgC yr-1 may be accumulating in forests of the northern mid-latitudes
(Houghton 1996). Scientific understanding of the global carbon budget continues to require an additional sink.

ALTERNATIVE METHODS FOR DETERMINING SOURCES AND SINKS OF CARBON IN TERRESTRIAL
ECOSYSTEMS

At least three other possibilities exist for determining the flux of carbon between terrestrial ecosystems and the atmosphere.
The possibilities are discussed briefly below in order of their readiness to be implemented.

Change detection with MODIS data

The first possibility is based on an expanded use of optical data to measure rates of land-cover change directly, and possibly
to infer changes in biomass, as well. The MODIS instrument is to be launched aboard the EOS AM Platform in late 1998 and will
provide global coverage every one to two days with the two spectral bands (250m resolution) suitable for distinguishing green leaf
properties from bare soil. The data offer the opportunity to measure changes in land cover and other, more subtle changes in
vegetation. A simplified description of how the data might be used is presented here. The first year’s data could be used to provide
180-365 (daily) maps of global land cover. Then, starting in the second year, each day’s data could be compared with the data acquired
on the same calendar day the year before. Pixels (or blocks of pixels) that registered no change from the previous year could be
ignored, thus simplifying the task of data management if the change detection algorithms were an automated part of data processing.
Pixels that showed a difference would be saved for later interpretation of a possible change. Some interpretation might be based on
familiarity with the area; some might require higher resolution data from Landsat or ground work. Such comparisons would continue
daily through the life of the instrument, gradually accumulating a detailed data base of great utility. It would include not only the
distribution of different types of land cover, but the dates that individual pixels were modified in some way, either by changes in land
use, natural disturbance, or changes in climate. The longer the data were acquired, the greater would be the area that could be aged
(time since last disturbance). Such dating would be invaluable for estimating biomass, for inventorying agricultural areas,
productivity, sustainability, and a variety of other land-cover characteristics. The data would provide the basis for estimating, country
by country, emissions of greenhouse gases.



Determination of Biomass from Satellite

With the increased use of Landsat (and soon MODIS) data to measure rates of deforestation, the major uncertainty in
estimates of carbon flux will result from uncertainties in the amounts of carbon held in the vegetation and soils of ecosystems affected
by land-use change. Above-ground biomass of undisturbed forests is not well known; its geographic distribution is even less well
known. Models have been developed to estimate aboveground biomass of tropical forests on the basis of climate and soil types and on
the basis of human use of the land (Brown et al. 1993, Brown and Gaston 1995). These factors are the major ones in determining
broad patterns in vegetation, biomass, and soil carbon, but there are at least two problems with relating the results of such models to
measurements in the field. First, biomass is dynamic rather than static. Forests are generally growing (accumulating carbon) from a
previous disturbance. Measurements of biomass, even if very accurate, lose their accuracy after a few years.

Second, within forests of the same age and climatic and soil characteristics, there are large variations in biomass. Foresters
attribute these differences within a forest type to Site Indices, or Productivity Classes. The classes are empirically distinguished by the
height of trees at a specified age. The factors responsible for these variations may be different in different locations and are unlikely to
be obtained globally.

Rather, spatial variations in biomass might be obtained directly by the use of radar or other wavelength sensitive to structure
of the canopy. Laser altimetry may offer another possibility for distinguishing different strata within the canopy of a forest and
perhaps the density of the canopy as well, or the fraction of canopy volume occupied by the woody branches and stems of trees. X-,
C-, L-, and P-bands of SAR are saturated at progressively higher levels of above-ground biomass (Rignot et al. 1995). Cover types
with above-ground biomass of up to 60 MgC/ha (12 kg/M2 dry weight) may be distinguished with the global coverage currently
provided by RADARSAT, ERS-1, and JERS-1, which together provide a combination of C- and L-bands, different polarizations, and
look angles (Dobson et al. 1992, LeToan et al. 1992). Unfortunately, most forests have above-ground biomass in the range of 100-500
MgC/ha (20-100 kg/m2 dryweight). Although P-band (68 cm) has a wavelength long enough to differentiate biomass in this range
(LeToan et al. 1992, Kasischke et al. 1995, Rignot et al. 1995), P-band is not carried by a satellite and, hence, cannot provide global
coverage.

If radar data were available globally to help determine above-ground biomass, the approach described above for calculating
emissions of carbon from land-use change could be made significantly more accurate. Furthermore, if satellite data enabled
above-ground biomass to be determined globally once every 1-5 years, losses and accumulations of carbon on land could be
determined directly without additional data on land-use change. The current approach based on land-use change might be replaced.
On the other hand, if changes in both land-cover and aboveground biomass were obtained directly, the combined data could be used to
distinguish changes attributable



to natural disturbances from those attributable to deliberate human activity (land-use change). Such a distinction would help
resolve the differences among current estimates of flux (Table 1). The point, however, is not that the current approach should or
should not be replaced, but that a new technology might redefine the requirements for data and modeling. The most suitable approach
is determined by the fit between the scientific question and the available technology.

Vertical Profiles of C02 from Satellite to Estimate Carbon Flux

A third approach for determining the flux of carbon between terrestrial ecosystems and the atmosphere is the least well
developed of the three listed here. In fact many experts seem unwilling to admit even the possibility of such a measurement. The
approach is based on satellite measurement of profiles of C02 in the troposphere. Currently, vertical profiles of C02, along with data on
wind speed, and height of the boundary layer, are measured from aircraft and thus limited in areal extent and frequency of
measurement. If obtained from satellite, such measurements would allow fluxes to be calculated everywhere over the earth’s surface,
land and water (although the flux between the atmosphere and ocean is small because of the buffering effect of seawater: only about
10% of a change in total carbon is manifested in a change in pC02). Independent sampling of C02 for isotopic content (12C and 13C)
would help distinguish oceanic from terrestrial sources.

The approach would rely on the fact that concentrations of C02 are strongly affected by ecosystem metabolism:
photosynthetic uptake of C02 during light and respiratory release of C02 during dark. Diurnal variations of C02 close to the ground
may vary by 200 ppmv or more (Fig. 3). Day-night differences in profiles would enable calculation of the 24-hour net carbon balance.
Finer resolution in time might enable day-night differences in flux to be determined. Theoretically, the continuous measurement of
profiles would allow for a complete accounting of the sources and sinks responsible for diurnal, seasonal, and annual changes in
atmospheric C02.

Sensors (sounders) exist for determining vertical profiles of temperature, wind speed, and water vapor. If such profilers
existed for concentrations of C02, the net flux Of C02 thereby obtained would be highly resolved spatially and global in distribution.
Those two characteristics are the characteristics unique to satellite data. The lack of C02 flux data at more than a few sites has
precluded a resolution of the global carbon balance and threatens to undermine the accuracy and usefulness of estimated emissions
required of countries complying with the UN Framework Convention on Climate Change. The capability of measuring profiles of C02

in the troposphere, just as the capability of measuring biomass remotely, would redefine the data required and the approaches that
have thus far been used to estimate carbon emissions from terrestrial ecosystems.
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ABSTRACT

The U.S. Geological Survey and the University of Nebraska-Lincoln, in cooperation with NASA, the United Nations
Environment Programme, U.S. Environmental Protection Agency, U.S. Forest Service, and National Oceanic and Atmospheric
Administration, are developing a global l-km land cover characteristics database for use in global environmental investigations. It will
be completed by mid- 1997. The database is being developed on a continent-by-continent basis from 1992-93 1-km advanced very
high resolution radiometer imagery and other spatial data. A flexible database structure facilitates tailoring land cover data to a range
of environmental applications. The basic mapping units, seasonal land cover regions, include attributes on vegetation, land cover, site
characteristics, and seasonality. Translation tables link the seasonal land cover regions to a number of land cover schemes, including
Olson World Ecosystems, Simple Biosphere Model, Biosphere Atmosphere Transfer Scheme, International Geosphere Biosphere
Programme Global Land Cover Types, and the U.S. Geological Survey Anderson System.

The North and South America portions of the global database are complete. They were developed using the unsupervised
classification of a 12-month set of monthly normalized difference vegetation index composites, followed by post-classification
refinement. The North America land cover database consists of 205 seasonal land cover regions, while South America has 164. The
environmental diversity of North America created interpretation challenges requiring extensive use of ancillary data in the
post-classification analysis. The South America classification was challenged by data quality problems, particularly in tropical forest
regions. The completed databases are available online via the EROS Data Center World Wide Web site at:

<URL:http:/edcwww.cr.usgs.gov/landdaac>

INTRODUCTION

The U.S. Geological Survey (USGS) EROS Data Center (EDC) and the University of Nebraska-Lincoln (UNL) are
collaborating in the development of a global 1-km land cover characteristics database. The USGS-UNL effort is supported by a
number of organizations including NASA Earth Observing System (EOS) Pathfinder Program, the U.S. Environmental Protection
Agency, National Oceanic and Atmospheric Administration, the U.S. Forest Service, and United Nations Environment Programme
Global Resource Information Database. Assistance from the Universidad Nacional Autonoma de Mexico Instituto de Geografia in
Mexico City and the University of Cordoba in Argentina was especially significant in the Western Hemisphere mapping.

The objectives of the USGS-UNL project are to:

• Develop a global 1-km land cover characteristics database by mid- 1997;

• Facilitate the validation of the global database at a general level; and

• Assist researchers in the use of the data in environmental modeling applications.

In addition, the project is contributing to an initiative of the International Geosphere-Biosphere Programme Data and
Information System (IGBP-DIS) that has an objective to produce the IGBP-DIS global 1-km land cover data set (or IGBP-DISCover)
for use in IGBP Core Projects (Belward and Loveland, 1995).

                                                          
1 Work performed under U.S. Geological Survey contract 1434-92-C-40004.



DATABASE SPECIFICATIONS AND PHILOSOPHY

The global land cover characteristics database is being developed on a continent-by-continent basis using 1992-93 1-km
advanced very high resolution radiometer (AVHRR) data. Most analyses are being conducted at the EDC to ensure consistency;
however, international experts are involved to the extent possible to improve representation of regional land cover patterns. The
continental data sets are in either Lambert Azimuthal Equal Area projections or the Interrupted Goode Homolosine projection
(Steinwand and others, 1995). The global database will be available in the Interrupted Goode Homolosine projection.

The global land cover characteristics database follows the strategy outlined in Loveland et al, 1991. Globalscale studies
require land cover data for a variety of applications, which include atmospheric mesoscale and general circulation modeling, water
resources assessments, and ecological modeling; no single land cover product meets all needs. The specific land cover types,
definitions, and spatial resolutions required vary both within and between applications. The USGS-UNL strategy is to develop a
multilayer database with many attributes rather than a more traditional single map of land cover with a predefined legend. Seasonal
land cover regions are the framework for presenting the temporal and spatial patterns of vegetation (Loveland, et al, 1995). These
regions are composed of relatively homogeneous land cover associations (for example, similar floristic and physiognomic
characteristics), which exhibit distinct phenology (that is, onset, peak, and seasonal duration of greenness), and have common levels of
primary production. The seasonal land cover regions serve as summary units for both descriptive and quantitative attributes that help
update, calculate, and transform entries ’into new parameters or classes. This provides flexibility for using the land cover
characteristics database in a variety of models. The core attributes include:

Land cover descriptions;

Seasonal characteristics (for example, time of onset, time of peak greenness, duration of greenness);

Site characteristics; and

Multitemporal NDVI and spectral statistics.

In addition, a core of derived thematic maps is produced through the aggregation of seasonal land cover regions. These
thematic maps include:

Olson Global Ecosystems (Olson, 1995);

IGBP DISCover Land Cover Legend (Belward and Loveland, 1995);

USGS Land Use/Land Cover System (Anderson and others, 1976);

Simple Biosphere Model - SiB (Sellers and others, 1986); and

Biosphere-Atmosphere Transfer Scheme - BATS (Dickinson and others, 1996).

All data used or generated during the course of the project, unless protected by copyrights or trade secret agreements, are part
of the final database.

Because of their complexity and geographic extent, it is not feasible to validate all data layers. There are plans to validate the
IGBP-DISCover classification using high-resolution satellite imagery (for example, Landsat, SPOT). Details on the IGBP-DISCover
validation strategy can be found in Belward and Loveland (1995) and Scepan and others (1996).

CLASSIFICATION METHODS

The land cover classification process is based on unsupervised classification of multitemporal AVHRR normalized difference
vegetation index (NDVI) composites, followed by extensive post-classification refinement using a variety of ancillary data sources.
The classification process involves four general stages: (1) data set preparation and assessment of AVHRR data quality; (2)
preliminary greenness class development; (3) seasonal land cover region development; and (4) derived land cover product generation.
While the methods used in the individual continental classifications are generally consistent, specific adaptations are needed because
of the unique data and environmental characteristics of each region.

The following subsections summarize the overall classification approach.



AVHRR Data Preparation and Quality Assessment

The 1-km AVHRR data set used in the analysis was produced as an IGBP/NASA EOS Pathfinder effort led by the USGS at
the EDC. The global AVHRR project has resulted in the collection of almost complete daily AVHRR coverage of the land surface
since April 1992. The daily data are being processed into global 1-km 10-day composites based on a maximum value compositing
strategy (Eidenshink and Faundeen, 1993). Thirty six 10-day composites spanning the April 1992 through March 1993 period were
inputs to the global land cover classification.

To improve data quality and reduce data volume, the 10-day NDVI composites were recomposited into monthly data sets.
The recompositing reduced atmospheric contamination, decreased the effects of off-nadir viewing effects, and reduced the NDVI data
volume by two-thirds.

Prior to use in the classification, all NDVI composites were evaluated to identify image anomalies that required correction
(that is, misregistration, calibration). In addition, viewing geometry, geometric distortions, and atmospheric artifacts (including
clouds) were documented. The North America AVHRR composites were assessed by Zhu and Yang (1996). Yang and others (1996)
compared the differences in data quality between the North and South America data sets. They concluded that there is a post-nadir
scan angle bias in the North America composites, while the South America composites had a more uniform and symmetrical scan
angle distribution. They also noted that areas with missing data, because of low solar zenith angles, were significantly greater in North
America where 42 percent of the area had solar zenith angles greater than 80 degrees in mid-winter (January); only 1. 1 percent of
mid-winter (July) South America data were missed.

Preliminary Greenness Class Development

The continental classifications began with the development of preliminary greenness classes, which represent unique patterns
of seasonality. This three step process consisted of. (1) masking nonvegetated lands; (2) clustering the data covering the vegetated
portion of the continent; and (3) developing draft descriptions of the preliminary greenness classes.

The masking of nonvegetated lands reduces the influence of the highly variable NDVI signals from nonvegetated lands and
permits improved definition of vegetated land cover patterns. The masks of lands with barren, sparse vegetation, and snow and ice
cover were developed from an annual maximum NDVI composite generated from full sets of monthly composites (table 1). Note that
permanent snow and ice fields in South America did not exhibit a unique NDVI range as did those in North America. Water masks
were created through the thresholding of daily AVHRR channel 2 images.

The unsupervised classification of the 12 monthly NDVI composites for each continent defined unique patterns of
seasonality. The clustering of the continental data sets was done using an algorithm developed at the Los Alamos National Laboratory
(Kelly and White, 1993). The Los Alamos algorithm is optimized for efficient use with large data sets. It uses a monte carlo random
sampling approach in which a new sample is selected with each clustering iteration. The clustering is based on the k-Means technique,
and uses a minimum distance to the mean classifier. One hundred preliminary greenness classes were defined for North America and
80 were created for South America. The number of clusters created was based on assumptions concerning data set size, data quality,
and environmental variability.

Draft land cover descriptions were developed for each preliminary greenness class. The descriptions provided a general
indication of the land cover types corresponding to each preliminary greenness class to determine which classes contained two or
more disparate land cover types. The draft descriptions were based on a wide range of references including digital and hardcopy land
cover maps, atlases, and Landsat imagery.



Seasonal Land Cover Region Development

Seasonal land cover regions, by definition, have common mosaics of land cover types and common seasonal proper-ties.
Since the preliminary greenness classes represent unique patterns of seasonality, the seasonal land cover regions development process
involved splitting the heterogeneous preliminary greenness classes into homogenous land cover, and then creating land cover
descriptions and attributes for each region. It was found that 86 percent (86 of 100) of the North America preliminary greenness
classes required post-classification refinement, while 69 percent (55 of 80) of the South America preliminary greenness classes needed
refinement. The classes with multiple cover types were split into smaller more homogenous regions using a variety of methods:

Ancillary data splits - Selected ancillary data sets (that is, elevation, ecoregions) were used to subdivide the heterogeneous
classes into 44 pure" seasonal land cover regions (Brown and others, 1993). For example, elevation was used to separate all
pixels in class 5 with elevations above 1,500 in into a new class.

User-defined polygons - Also referred to as on-screen digitizing, this approach was used when ancillary data did not provide
the appropriate spatial context for dividing the class into homogenous parts.

Multisource combinations - In some cases, ancillary data were augmented with user-defined polygons to develop the
necessary mask for post-classification refinement.

Spectral reclustering - Reclustering, using either different clustering parameters or other spectral channels were used to break
single classes into a number of smaller classes.

Most post-classification refinement analyses were done using the Infobase image analysis system developed for use in this
project by the David Samoff Research Center (Princeton, NJ). Infobase is based on an object-oriented database management system,
and provides visualization, documentation, and image stratification tools (Brown and others, 1996).

The post-classification refinement process resulted in 205 seasonal land cover regions for North America and 164 seasonal
land cover regions for South America. Post-classification analyses differed somewhat between North and South America (table 2).
While each confused class in each continent was most often split into 3 total classes, the splitting methods differed. The most
significant difference was the reliance on user-defined polygons for South America (29 percent versus 5 percent), while multisource
combinations were more commonly used to refine the North America classification (32 percent versus 6 percent). Although the
reasons are not yet clear, this is most probably related to the consistency and accuracy of the ancillary data available for South
America. In both cases, the use of ancillary data was the most frequently used refinement approach and was used 52 percent of the
time for North America and 57 percent of the time for South America. Ecoregions were used a majority of the time for both
continents, although digital elevation data were used twice as often in North America. After the preliminary greenness classes were
stratified into seasonal land cover regions, the final land cover definitions were formulated. Two quality assurance procedures were
used. First, each class was reviewed by at least three interpreters. Second, a convergence of evidence approach, in which a wide range
of source materials were consulted, was used to develop the region descriptions. Because the accuracy of many of the source materials
was unknown, agreement between multiple references and consensus among the interpreter teams were required before class
descriptions were considered final.

Derived Land Cover Product Generation

The final step was the assembly of the final continental databases and the generation of derived land cover products.
Attributes describing land cover, monthly NDVI, seasonality, and elevation were generated for each seasonal land cover class. The
attributes provide a basis for understanding the composition, and the temporal and spatial variability of land cover within the class.



The flexible database strategy used in the project was designed to provide data and documentation that could be tailored for
specific applications. However, because there are several common land cover legends used in environmental modeling applications,
the final database also includes several specific land cover products. The derived land cover generation process involved the
establishment of a linkage between the individual seasonal land cover regions descriptions and a corresponding category in Olson’s
Global Ecosystems (Olson, 1995) (fig. I (a) and (b)). The Olson legend was used because it is somewhat detailed (94 classes),
designed to encompass regionally significant land cover and land use, and includes descriptions of associated climate, floristic
elements, and physiognomy. The Olson legend also includes links to several other land cover classification systems. As a result, when
the individual seasonal land cover regions pointed to the appropriate Olson category maps, other land cover legends could be quickly
created (fig. 2). This approach increased the efficiency and improved the consistency for assembling the global derived land cover
layers. Experiences in North and South America demonstrate that the process is generally effective, but it is still necessary to review
individual translations to verify class assignments.

Access to Results

At this stage, the North and South America land cover characteristics databases are considered preliminary. A formal
validation of the IGBP DISCover land cover product will be completed when the overall global database is finalized. In the interim,
the unvalidated data sets are available for review and use by any user.

The North and South America data sets are available on the Internet at the following address:

<URL:http:/edcwww.cr.usgs.gov/landdaac>

DISCUSSION

While a generally consistent methodology was used to produce both the North and South America classifications, there were
several factors that created different analysis challenges, including: (1) data quality; (2) data volume; (3) knowledge base; and (4)
environmental variability. In North America, data volume and environmental variability created the greatest challenges. Data quality,
a more limited knowledge base, and environmental variability were challenges in South America.

Data quality problems existed in both sets of monthly NDVI composites. The North America composites included a larger
amount of off-nadir data. While off-nadir observations have the potential for greater atmospheric contamination and geometric
distortion, it was not possible to quantify their impacts on the North America land cover classification. Atmospheric contamination
was found in both data sets; however, the extent and nature of the contamination created substantial South America classification
problems (table 3). The South America data were significantly more contaminated than the North America classification, with 37
percent of the continental land mass affected as compared to only 11 percent of North America. Because more South America classes
were contaminated, the annual NDVI profiles were less useful in the determination of South America land cover. The spatial patterns
of the contaminated classes also differed. In North America, the classes tended to be small, more compact, and geographically
localized. The contaminated South America classes were larger and more dispersed and fragmented. While the interpretation process
overcame some of the data quality problems, it is expected that atmospheric contamination had some impact on classification
accuracy.

The logistical challenges associated with the North America analysis were greater because of the nearly 100 percent
difference in data volume. The North America 12-month composites, for example, had a volume of 1,062 megabytes as compared to
540 megabytes for South America. The impact on classification is hard to quantify, but the associated challenges, such as slower
processing times, display limitations associated with the larger raster dimensions, and system logistics issues decreased tile amount of
interactive investigation possible during the course of the interpretation.



Differences in the knowledge base were manifested in two ways: familiarity with the land cover conditions of each continent,
and availability of suitable reference materials. The EDC-UNL interpretation team had previous experience in interpreting sizable
portions of the North American continent. That experience was clearly an asset in this exercise. Differences in the quality, currency,
and availability of reference materials contributed to interpretation challenges. There were fewer published land cover and vegetation
maps available for South America. In particular, the availability of agricultural reference materials was limited in South America.
Fewer sources were available to evaluate the image-based land cover patterns in the "convergence of evidence" strategy.

Finally, the substantial environmental variability of the two areas caused challenges in interpretation. Both continents have
complex and diverse landscapes formed by significant elevation, latitude, climate, and anthropogenic variability. In much of South
America, lands are dominated by tropical climate patterns with rainfall having a major affect on vegetation. Recent settlement in the
tropical zone has created agricultural regions that often have dispersed and fragmented landscape patterns. In contrast, most North
America agriculture is mechanized and extensive. Climate is highly varied, and both temperature and rainfall influence much of the
landscape. The natural vegetation is often controlled by physiographic factors. The relationship between topography and vegetation
facilitated the use of predictive mapping strategies, particularly during the post-classification phase of the analysis.

CONCLUSIONS

Land cover characteristics databases have been completed for North and South America and are available for electronic
downloading and community review. They were produced using an unsupervised classification of 1-km AVHRR NDVI monthly
composites for the April 1992 through March 1993 period, followed by extensive post-classification refinement using several
methods. The results were a 205 seasonal land cover regions classification for North America, and a 164 seasonal land cover regions
classification for South America. Land cover products using the Olson, SiB, BATS, IGBP, and USGS land cover legends were
produced. After a period of community review, the databases will be refined based on user input.

A number of conclusions can be drawn from the North and South America classification experience:

North America vegetation was more easily defined by predictable environmental factors.

Post-classification refinement methods differed because of data quality and environmental diversity differences. There was
greater reliance on automated methods in North America.

Detecting human disturbances on South America natural vegetation was challenging with 1-km AVHRR composites.

Seasonality was less useful in interpreting land cover in South America because of data quality problems.

For both continents, coastal classes were scattered, very diverse, and among the most difficult to interpret.

Atmosphere and clouds caused greater land cover class fragmentation in South America.

The USGS-UNL global land cover characteristics database will be completed by mid-1997. A formal validation of the IGBP
DISCover land cover layer will be carried out soon after the completion of the classification. The first validated 1-km land cover
product should be finalized by late- 1997.
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Fig. 1 - (a) Olson Global Ecosystems of North America and



Fig. 1 - (b) Biosphere-Atmosphere Transfer Scheme (BATS) land cover classification of North America.
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ABSTRACT:

This paper describes ongoing research aimed at implementing, testing and documenting procedures for analyzing and
validating thematic accuracy of high resolution global land cover data sets. Portions of the International Geosphere/Biosphere
Programme’s AVHRR based, 17 class, 1 Kilometer resolution global scale land cover data set are being used as a test bed to evaluate
these procedures. Under the IGBP Programme, land cover data sets will be produced separately for each continent by several
participating groups. A continental cross validation study is being developed to: 1) determine whether differences in processing for the
two sites significantly affect the classification of the 1 Km Land Cover data set for Africa and North America; 2) determine whether
systematic differences are introduced into the datasets by the separate processing flows; 3) identify, examine and document
non-systematic differences which may occur, and; 4) derive a statistical estimate of these differences between the two datasets for the
Land Cover classes within each site. To achieve these goals, a state-of-the-practice statistical accuracy analysis based upon a directed
random sampling procedure will be performed for Africa and North America test site data sets. Area weighted estimates of overall
map accuracy along with individual class accuracy statistics will be produced and statistically evaluated for variance (if any) between
EROS and JRC output products.

Additionally, this paper describes some initial analyses of the North America data set. Land cover class distribution
properties were compared for the data set using two different map projections. This analysis shows that the average areal difference in
class coverage between the two projections is less than .0001 and not significant in the cross validation exercise. Quantitative study
site selection methods are also being tested for use in this analysis. Land cover class distributions and variances are being analyzed in
order to select an optimal verification test site in North America.

INTRODUCTION:

Global ecological and chemical cycle modeling is the most important scientific technique currently available to measure,
monitor and predict critical physical and biological processes and environmental changes in the Earth’s environmental system. Global
ecological models are developed and implemented to provide information about a variety of ecological and biogeochemical regimes.
Important among these are carbon cycles, hydrologic cycles, and terrestrial energy balance (Tucker, et al., 1995). These processes are
very complex and they must be addressed using numerical models. These global ecological models require spatially referenced
terrestrial vegetation and land cover parameters as inputs. Requirements have been demonstrated for these data at spatial resolutions of
1 kilometer (and finer) and high temporal resolution. In the past these data have been spatially and temporally incomplete, inadequate
and inaccurate (Townshend, et al., 1991). Accurate scientifically valid continental or global scale land cover data sets do not currently
exist for either the developed or the developing world (Estes and Mooneyhan, 1994).

To overcome these shortcomings, efforts are ongoing among international scientific organizations to provide timely,
comprehensive, and accurate global scale land cover and vegetation datasets. The most important of these are derived from satellite
imaging systems, including meteorological sensors such as AVHRR (Eidenshink, 1992). Since the early 1980’s, a number of
continental and global scale data sets have been produced using AVHRR data. The focus of our proposed research is the 1 Km Global
Land Cover Data Set developed by The International Geosphere Biosphere Programme (IGBP) and the US Geological Survey EROS
Data Center (USGS/EDC).

The IGBP 1 Km Global Land Cover Data Set is being assembled to meet data requirements for studies of climate,
biogeochemical cycles, atmospheric chemistry, water, energy, vegetation, and ecosystems (Belward, and Loveland, 1995a). The data
set is being compiled on an individual continental basis from AVHRR data collected daily through the efforts of a number of AVHRR



receiving stations coordinated by USGS/EDC. An initial "fast-track" data set is being generated by researchers at EDC and the
European Economic Commission’s Joint Research Center (JRC) at Ispra, Italy.

The 1 Km Land Cover Data Set is being generated with 17 land cover classes ranging from natural vegetation to developed
land and non-vegetated classes. These classes are:

1 - Evergreen Needleleaf Forests (ENF): Lands dominated by trees with a percent canopy cover >60% and height exceeding
2 meters. Almost all trees remain green all year. Canopy is never without green foliage.

2 - Evergreen Broadleaf Forests (EBF): Lands dominated by trees with a percent canopy cover >60% and height exceeding 2
meters. Almost all trees remain green all year. Canopy is never without green foliage.

3 - Deciduous Needleleaf Forests (DNF): Lands dominated by trees with a percent canopy cover >60% and height exceeding
2 meters. Consists of seasonal needleleaf tree communities with an annual cycle of leaf-on and leaf-off periods.

4 - Deciduous Broadleaf Forests (DBF).- Lands dominated by trees with a percent canopy cover >60% and height exceeding
2 meters. Consists of seasonal broadleaf tree communities with an annual cycle of leaf-on and leaf-off periods.

5 - Mixed Forests (MXF): Lands dominated by trees with a percent canopy cover >60% and height exceeding 2 meters.
Consists of tree communities with interspersed mixtures or mosaics of the other four forest cover types. None of the forest
types exceeds 60% of landscape.

6 - Closed Shrublands (CSL): Lands with woody vegetation less than 2 meters tall and with shrub canopy cover is >60%. The
shrub foliage can be either evergreen or deciduous.

7 - Open Shrublands (OSL): Lands with woody vegetation less than 2 meters tall and with shrub canopy cover is between
10-60%. The shrub foliage can be either evergreen or deciduous.

8 - Woody Savannas (WDS): Lands with herbaceous and other understory systems, and with forest canopy cover between
30-60%. The forest cover height exceeds 2 meters.

9 - Savannas (SAV): Lands with herbaceous and other understory systems, and with forest canopy cover between 10-30%.
The forest cover height exceeds 2 meters.

10 - Grasslands (GRS): Lands with herbaceous types of cover. Tree and shrub cover is less than 10%.

11 - Permanent Wetlands (PWL).- Lands with a permanent mixture of water and herbaceous or woody vegetation that cover
extensive areas. The vegetation can be present in either salt, brackish, or fresh water.

12 - Croplands (CPL): Lands covered with temporary crops followed by harvest and a bare soil period (e.g., single and
multiple cropping systems). Note that perennial woody crops will be classified as the appropriate forest or shrub land
covertype.

13 - Urban and Built-up (UBU).- Land covered by buildings and other man-made structures. Note that this class will not be
mapped from the AVHRR imagery but will be developed from the populated places layer that is part of the Digital Chart of
the World (Danko, 1992).

14 - Cropland / Natural Vegetation Mosaics (CNV): Lands with a mosaic of croplands, forest, shrublands, and grasslands in
which no one component comprises more than 60% of the landscape.

15 - Snow and Ice (SNI): Lands under snow and/or ice cover throughout the year.

16 - Barren (BRN): Lands with exposed soil, sand, rocks, or snow and never has more than 10% vegetated cover during any
time of the year.

17 - Water Bodies (WBD): Oceans, seas, lakes, reservoirs, and rivers. Can be either fresh or saline.

A more thorough discussion of this classification scheme may be found in Belward and Loveland, 1995b.



The statistical validation and accuracy analysis is a critical component of the IGBP Land Cover Data Set project. Upon
completion of the global data set and the accuracy verification of these data, the global science community will for the first time have
access to a high resolution global scale land cover data set of known statistical accuracy. The use of this data set may potentially
greatly improve and enhance the utility and applicability of global biogeochemical and climate models.

METHODOLOGY

For statistical analysis of this data set we are utilizing a directed random sampling procedure which follows the overall
accuracy verification procedure developed through the IGBP for analysis of the complete 1 Km Global Land Cover Data Set
(Belward,, 1995). The research described here is focused on a continental cross validation study to demonstrate the utility of these
verification procedures as well as address important issues arising out of the IGBP plan to use separate classification procedures for
each continental data set. Additional issues related directly to the validation of the entire global data set are being addressed
concurrently with the continental cross validation study which is described here.

This IGBP validation strategy includes two principal elements: 1) a core sampling strategy to systematically assess the
accuracy of each cover type included in the global land cover product and 2) the use of confidence sites where fine-resolution land
cover information is available for a substantial region. The core sampling strategy will be based on visual interpretation of high
resolution satellite image data coregistered with the I Kin Land Cover Data Set. This sampling design takes into account the spatial
variance of all cover classes. Decision rules and interpretation keys will also be developed to aid in visual interpretation of the high
resolution satellite data. Some important assumptions relate to the classification scheme and the classification method. It is assumed
that the classification scheme is exhaustive (all pixels are assigned to a class); that it is exclusive (classes do not overlap); and that
classes can be identified both on AVHRR data and higher resolution imagery. The classification methodology assumes that it is
objective, consistent, reproducible and fully documented.

The IGBP core sampling strategy for analyzing the thematic accuracy of the 1 Km Land Cover Data Set includes a random
sampling procedure stratified by land use class and processing region. This approach will provide confidence ranges for each class and
production region. The stratification of the sampling procedure by production region greatly increases the number of samples required
for the accuracy analysis. The IGBP has specified 85% as a target for thematic accuracy of the 1 Km data set. In terms of conditional
probabilities, this is expressed as:

p = P(classified as Class I / Truly Class 1)

That is, p is the probability of classification as 1, given truly an 1.

For obvious practical reasons, it is desired that the sample size (n) per class be kept to a minimum. Assuming n = 25, the
Normal approximation to the Binomial Distribution would give a confidence range of +/- 14.3% (based on a classification accuracy
target of 85% at the 95% confidence level). This is a rough guide because the Normal approximation the Binomial Distribution
becomes unreliable for these values of n and p.

Additionally, misclassification errors of inclusion and exclusion may complicate the estimation process and must be
considered in the sampling procedure. If 25 points are sampled from each class as shown as class I on the data set, some number of
these samples may actually be another class. Points represented in the data set as other than class I may, in fact, be class I. A practical
approach to this issue is to take 25 samples within each class (as determined by the classification scheme) and to add samples within
any classes which are substantially underrepresented.

A sample of 25 points per class means that a total of 425 total points are included in the sample set for whatever spatial area
is under analysis. Up to 425 high resolution scenes will be required to verify these points for the complete global data set. It is likely
that some TM scenes will contain more than one random sample for the North American and African test sites, however. The IGBP
statistical sampling procedure is discussed in more detail in Belward (1996).

This sampling procedure will be performed independently for both Africa and North America. Following initial data
compilation, by-class area calculations will be performed for each data set and land cover difference maps will be produced. Area
weighted estimates of overall map accuracy will then be calculated. Individual class accuracy statistics will be generated next and
confusion matrixes produced for both EROS and JRC North America and Africa maps. These results will be statistically evaluated for
variance between the two output products. We will stratify these samples by continent as well as processing technique in order to
make inferences based on variances (if any) between continents. We will determine if statistically significant classification differences
result from the different processing flows used in land cover data set compilation for each continent and, if so, we will address their
sources and potential remedies.



This study will further identify those IGBP land cover classes, if any, which can not be mapped from processed AVHRR data
and validated to acceptable accuracy standards using higher resolution Landsat/SPOT data sets.

STATUS

Data Set Compilation

Activities to date on this study have been focused on compilation of the 1 Km Land Cover Data Sets covering North America
and Africa. Currently, the classified 1 Km coverage for the continent of North America has been completed by scientists at
USGS/EDC. Two versions of the North America data set have been compiled: one in the Lambert Azimuthal Equal Area map
projection and one in the Goode Homolosine projection. This reflects the current IGBP strategy to produce datasets in an appropriate
projection for individual continents (Lambert projection) as well as a single data set for the entire globe in the most appropriate
projection (Goode projection).

An initial analysis of these data were performed in order to evaluate differences in the spatial extent of the land cover classses
between the two data sets. By-class area calculations were derived by summing the number of 1 Km pixels present in each class
within each data set. Table I presents the results of this analysis. The average areal difference in class coverage between the two
projections is less than .0001 and is not considered to be a significant variable in the continental cross validation exercise nor the
overall IGBP data set validation.

EDC researchers are in the process of deriving the 1 Km land use data set for the continent of Africa. Concurrently,
researchers at JRC are producing classifications for Africa as well as North America.

Validation Test Site Selection

Identification and location of test sites for this study are also underway. Adept identification of test sites is an important step
in this study and optimal test site selection is dependent upon two related factors. Test sites must encompass the broadest range
possible of 1 Km Land Cover categories and, at the same time, be small enough to ensure availability of verification image data and
completion of processing and analysis. The subregions selected must be "adequately" covered by Landsat TM (and/or SPOT) imagery.
Ideally, test sites will be covered by imagery that is currently compiled and archived by EOSAT or Spot Image or already in the hands
of EDC and JRC researchers. Concomitant Landsat TM imagery covering the entire continental US is archived and available for use
in this study from the USGS EROS Data Center (EDC) and we will focus within the conterminous Unites States for selecting the
North America test site. These higher resolution images will form the basis upon which the validity of the AVHRR products are
interpreted and assessed.

Available image data must also be of adequate quality (cloud free or less than 10% cloud cover). An initial estimate indicates
that optimally situated rectangular test subregions 1000 x 1500 Km in size should include most (12-15) of the 17 total 1 Km Land
Cover classes in Africa and North America. Class 3 (Deciduous Needleleaf Forests) is not present in North America. In addition,
Classes 2 (Evergreen Broadleaf Forests), 6 (Closed Shrublands), 11 (Permanent Wetlands), and 15 (Snow and Ice) are sparsely
distributed within the North America data set and are also seen as potential problems in the verification effort.

A systematic spatial analysis of the distribution of the Land Cover Classes is being performed for the North America data set
in order to identify an optimal test site for this study. This is being done by a process of moving a 1000x1500 Km window through the
data set in 250 Km steps north/south and east/west through the data set. The spatial distribution of each land cover class within each
1000x1500 Km data subset will be calculated and the test site will be identified based upon the results of this analysis.



High-Resolution Data Interpretation

The verification of the 1 Km data set will be performed by interpretation of high resolution (30 meter) Landsat Thematic
Mapper imagery.

Random stratified sample of points will be located across Africa and North America for the 17 thematic classes on the
existing AVHRR 1 km data set. Geographic coordinates will be identified for each sample point. A grid of TM imagery frames has
been overlaid on the 1 Km data set in order to identify the individual TM frames that are required for the verification process. In order
to estimate the number of frames that would be required for the global accuracy assessment, an initial analysis of the available TM
frames was conducted based on a set of 375 random samples (25 samples in each class excluding Class 13 -urban areas; and Class 17 -
water bodies). Figure 1 shows these 325 samples located on a synthesized 17 class global land cover data base. This analysis shows
that the 375 samples were included within 362 separate TM scenes. A USGS-EDC data archive query shows that 275 of the 362
scenes are compiled and archived at EDC.

In order to further refine the validation process, image interpretation keys will be developed for use in training image
interpreters / verifiers. When the North America and Africa data sets are compiled by EDC and JRC, separate image interpretation
keys will be developed to represent each of the 17 classes. Eight TM scenes which show pure areas for 15 of the 17 classes have
already been selected within the conterminous US for an initial set of interpretation keys. The objective will be to develop keys that
show each land cover/vegetative community type in a representative range of its’ phenologic and regional expressions. It has been
demonstrated that dominant plant species’ may be interpolated from classified vegetative associations (Ustin et al., 1986).



For development of these image interpretation keys it will be important to identify the optimal TM spectral band
combinations for identification of each land cover class in representative states of seasonal and regional variation. This issue will be
addressed through iterative spectral image analysis and interactive image processing. Both digital and hardcopy keys will be produced
with statistical descriptors of the TM spectra for each preferred band combination.

Three trained photo interpreters will then systematically verify each sample using a majority decision rule: If two of the three
interpreters verify the class, it will be considered correct; if two of the three interpreters or all three of the interpreters label the sample
as a different class it will be considered incorrect. Each sample will then be recoded based on the Thematic Mapper interpretation.

Error matrices will be compiled to generate by-class accuracies and an overall map classification accuracy. A comprehensive
technical review and cooperative evaluation will be performed among selected IGBP Land Use Validation Working Group members.

EXPECTED RESULTS

This research will add to the knowledge of the errors that may result through distributed processing and compilation of global
land cover data sets. This work will facilitate our understanding of the accuracy and validity of the IGBP 1 Km global land cover data
set. We expect to demonstrate whether or not statistically significant classification differences are introduced by the different
processing flows used in compilation of land cover products for each continent. If such discrepancies are identified as a result of this
study, their sources will be identified and potential remedies suggested. This study will also provide additional insights into the
comprehensiveness and utility of the 1 Km data set classification legend by documenting those land cover classes which are spatially
underrepresented from the standpoint of a statistical analysis. More importantly, it will identify those IGBP land cover classes, if any,
which cannot be reliably mapped from processed AVHRR data and validated to acceptable accuracy standards using higher resolution
Landsat/Spot data sets and state-of-the-practice techniques.

Additionally, this study will produce statistically valid estimates of overall accuracies for the North America and Africa
continental fast track data sets as well as statistical accuracies for each land cover class analyzed for both continents. The procedures
and results of these analyses will be documented and all numerical and statistical procedures described in text and formulae.

A set of difference maps which reflect classification discrepancies (if any) will be generated and produced in appropriate
graphic and electronic format for distribution to the broad user community via appropriate channels.

Through the extension of the initial cross validation study we expect that this research will also provide additional
information regarding the operational utility of the verification approach which has been developed by IGBP. While we fully expect
that this cross validation study will successfully test this technique in an operational mode, it is likely that refinements and
modifications will be developed and documented which will enhance the efficiency and accuracy of this verification technique.
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ABSTRACT

The U.S. Geological Survey prototype 1990 1-km advanced very high resolution radiometer (AVHRR) land cover
characteristics data base for the conterminous United States was tested and evaluated during the 1992-95 period. Atmospheric,
biogenic emissions, and ecologic modelers used the data base in a variety of case study applications. The potential value of the data
for research on the parameterization of land surface processes in environmental simulation modeling was demonstrated. These case
studies reinforced the USGS concept of a flexible data base approach to tailor land cover data according to land cover classification
type, geographic domain, grid cell size, and spatial aggregation required by individual simulation modeling applications. The test and
evaluation case studies provided valuable insight on ways to improve the USGS land cover mapping strategy.

INTRODUCTION

In 1991, a prototype 1-km advanced very high resolution radiometer (AVHRR) land cover characteristics data base for the
conterminous United States was developed by the USGS EROS Data Center and the University of Nebraska-Lincoln (Loveland et al.,
1991, 1995). Developed as part of the USGS Global Change Research Program, a total of 159 seasonal land cover classes were
defined as the basis to derive various alternative land cover classification schemes. To determine the overall utility of this flexible data
base strategy, parallel activities were designed and implemented to validate the data base accuracy and to conduct a series of test and
evaluation case studies with various environmental simulation modelers. The development, test and evaluation, and validation of this
prototype data base were designed to establish the foundation for global 1-km AVHRR land cover mapping.

The test and evaluation of the 1-km AVHRR land cover characteristics data base for the conterminous United States was
principally conducted during the period of 1992-95 with various atmospheric, biogenic emissions, and ecosystem modelers that were
involved with land surface process research. Several different land cover classification schemes, ranging from the full 159 seasonal
land cover classes to less detailed biome-level land cover classes, were tested in the modeling experiments. The test and evaluation
focused on defining and documenting the requirements for a flexible data base approach that will meet the diverse needs for land
cover characteristics data in the land surface component of the models. These case studies used the USGS land cover data to improve
the land surface parameterizations in the models and to conduct various types of land cover sensitivity experiments. The case study
participants were encouraged to provide their assessment of data set strengths and potential limitations based on their experience and
knowledge of land cover conditions within the geographic domain of their modeling experiment.

This paper outlines the results from these test and evaluation case studies and also summarizes the lessons learned.
Documenting lessons learned is timely, because this prototype 1990 1-km AVHRR seasonal land cover characteristics data base for
the conterminous United States was recently superseded by an updated prototype 1992 1-km AVHRR land cover characteristics data
base for North America. Lessons learned are especially relevant as a guide for conducting test and validation of the new continental
data. In section 2, we describe the methods used in this test and evaluation. In section 3, we present the results and other findings.
And, in section 4, we discuss these results, including lessons learned.

METHODS

This experimental land cover characteristics data set was developed as part of the USGS’s Global Change Research Program.
The methodology to develop the seasonal land cover characteristics data base was described by Loveland et al. (1991, 1995); and
Brown et al. (1993). Briefly, monthly composites of the 1-km AVHRR normalized difference vegetation index (NDVI) images for
1990 were used in an unsupervised cluster analysis algorithm to generate an initial set of 70 land cover cluster classes. These 70
spectral-temporal cluster classes were then analyzed in combination with elevation, climatic, ecoregion, and other ancillary data
sources to derive 159 seasonal land cover classes of vegetation mosaics for the conterminous United States. Thus, temporal profiles of



vegetation greenness, as depicted in the seasonal variations of the NDVI for 1990 for each 1-km pixel, were the essential input to this
classification.

The project design and types of land surface process models used as the basis for test and evaluation case studies were
described by Steyaert et al. (1994). The links with leading environmental simulation modelers within the U.S. Global Change
Research Program were previously established in conjunction with the organization of a conference on environmental modeling with
geographic information systems (Goodchild et al., 1993). The types of modeling applications involved various land surface
parameterizations for atmospheric models, hydrologic models, biogenic volatile organic compounds (VOC) emissions models, and
selected ecological models. The primary land cover data sets used in these models included land cover classifications for the
biosphere-atmosphere-transfer scheme (BATS) as defined by Dickinson et al. (1986), the simple biosphere model (SiB) as defined by
Sellers et al. (1986), the USGS Anderson Level Il classification (modified), and the 159 seasonal land cover classes. The BATS, SiB,
and USGS Anderson Level II (modified) classification schemes were derived from the 159 seasonal land cover classes.

These derived land cover classes were tailored to meet the individual requirements of each modeling experiment. The land
cover data were tailored according to specific geographic domain, grid cell dimensions, and spatial aggregation rules within each grid
cell. For example, determining the percentage composition of land cover classes in each grid cell was the primary basis for spatial
aggregation. Nested model grids were frequently used in the atmospheric modeling; for example, a fine resolution 10-km grid mesh
nested in a coarser resolution 40-km grid mesh.

Preliminary results of test and evaluation were presented at a workshop that was held at the USGS EROS Data Center in
April 1994. The modelers described their case study results and provided their assessment of overall data set utility. Several of the
case study papers were peer-reviewed and accepted for publication as a special feature on land surface parameterization and land
cover characterization research to appear in a forthcoming issue of Ecological Applications.

Following the 1994 workshop, the land cover characterization project activities included further testing of the BATS and SiB
land cover classification schemes within the conterminous United States, developing a prototype 1-km AVHRR land cover data set for
North America, conducting regional 1-km AVHRR land cover mapping research in the boreal-ecosystem-atmosphere study
(BOREAS) as described by Steyaert et al. (submitted), and completing various validation studies. Validation results for the
conterminous United States were reported by Merchant et al. (1994) and Zhiliang Zhu et al. (1996).

RESULTS

The test and evaluation case studies demonstrated the potential utility of the USGS prototype land cover characteristics data
base in a variety of applications, defined requirements for the flexible data base concept, contributed to data base accuracy assessment,
and provided insight on ways to improve the USGS land cover characterization strategy. The case studies emphasized atmospheric,
biogenic emissions, and ecologic modeling. For example, Xue et al. (1996) and Fennessy and Xue (in press) used the USGS SiB land
cover classification in atmospheric general circulation model (AGCM) experiments over the conterminous United States. Several case
studies were based on the use of mesocale atmospheric models with the USGS BATS land cover classification data (Pielke et al, in
press; Copeland et al., 1996; Smith et al., 1994; and Lakhtakia and Miller, 1994). Two case studies illustrated the use of the USGS 159
seasonal land cover classification in regional modeling of biogenic volatile organic compounds emissions fluxes (Guenther, in press;
and Kinnee et al., in press). Tieszen et al. (in press), Burke et al. (1995), Running et al. (1994), and Nemani and Running (in press) are
examples of ecologic modeling and analysis case studies. These case studies are discussed in the following section to illustrate how
the USGS land cover data were used in the land surface process modeling research.

Atmospheric Modeling

In the studies by Xue et al. (1996) and Fennessy and Xue (in press), the simplified SiB model of Xue et al. (199 1) was
coupled with the Center for Ocean-Land-Atmosphere Studies’ (COLA) AGCM to conduct regional model sensitivity experiments on
land cover type and seasonal vegetation properties within the conterminous United States. The studies contrasted the USGS SiB land
cover data with an earlier version of the SiB land cover in a series of 90-day simulations including recent dry (1988), normal (1987),
and wet (1993) summer seasons. The land cover data were aggregated to coarse grid cells of approximately 1.8-degrees latitude and
2.8-degrees longitude according to dominant land cover class. Xue et al. (1996) investigated the potential reasons for positive
temperature bias and negative precipitation bias in COLA AGCM simulations over the central United States. They determined that
these biases were probably associated with confusion between the extent of agricultural crops versus deciduous forests in an early
version of the SiB land cover data. They also demonstrated the importance of correct specification of the seasonal vegetation
parameters to ensure more realistic AGCM simulations. Fennessy and Xue (in press) extended these coupled-model sensitivity
simulations to investigate the effect of land cover on precipitation, temperature, and evaporation anomalies for these case study
seasons.



The regional atmospheric modeling system (RAMS) of Colorado State University (CSU) was used with the USGS BATS
land cover data in a variety of model sensitivity experiments involving both monthly climate simulations and highresolution daily case
studies (Pielke et al., in press). These sensitivity experiments were focused on determining the role of land cover and land use in
mesoscale atmospheric processes. The RAMS simulation studies used several different types of horizontal grid configurations,
ranging from coarse horizontal grid cell intervals to various telescoping nested grid meshes. For example, the USGS BATS land cover
data were used in a series of RAMS monthly simulations based on a 60-km horizontal grid interval to investigate the role of land
cover and land use data in regional climate variability within the conterminous United States. In contrast, various telescoping grids
were used in RAMS simulations to investigate the relationships between land use variability and short time-scale processes involving
cumulus convection and pollutant dispersion. A typical example of a telescoping grid mesh is a 40 by 32 element coarse grid with a
100-km grid increment, a 37 by 42 intermediate grid with a 20-km increment, and a fine grid mesh of 52 by 42 with a 4-km grid
increment. Another example is an outermost grid with a 60-km horizontal grid spacing with nested grids of 20 km, 10 km, 5 km, and 1
km. The USGS BATS classes were aggregated according to the predominant land cover class in each grid cell. The modeling
simulations also considered the percentage area of open water within each grid cell based on the number of l-km open water cells in
the land data.

In addition to the overall role of land cover variability in mesoscale atmospheric processes, the CSU-RAMS model sensitivity
experiments also considered the impact of land cover change as a forcing function in mesoscale land-atmosphere interactions (Pielke
et al., in press; Copeland et al., 1996). In part, these model sensitivity experiments were conducted under a USGS-CSU cooperative
research project to investigate the impact of historical land cover and land use change on regional weather and climate. These
mesoscale modeling simulations are designed to determine potential impacts due to land cover change from pre-European disturbance
land cover scenarios to contemporary land use patterns as depicted in USGS land cover data.

The following examples illustrate this type of land cover change analysis in terms of daily case studies and a regional climate
simulation. Pielke et al. (in press) describe the use of RAMS with telescoping nested grid meshes to study the combined impacts of
land cover variability and land use change on thunderstorm generation and pollutant dispersion in the southeastern United States, in
each case under weak synoptic conditions. In a study over northern Georgia, a simulation, that was based on contemporary land cover
conditions, suggested an earlier onset of more deep convection with increased precipitation totals relative to simulated convective
rainfall that was based on an assumed homogeneous woodland forest land cover scenario that may have existed prior to deforestation.
In a similar study over the Savannah River Laboratory site, stronger mesoscale circulations leading to more widespread pollutant
dispersion were associated with realistic land cover versus bare soil conditions. Copeland et al. (1996) used RAMS in a monthly
climate simulation mode with a 60-km grid over the conterminous United States to contrast contemporary land use patterns in the
USGS BATS data with natural vegetation as depicted in the Kuchler potential natural vegetation data set (Kuchler, 1975).

The USGS BATS land cover data were also used in studies at Penn State University on the modeling of soil-water content
fields as the basis to initialize the soil moisture field in the Penn State University/National Center for Atmospheric Research (NCAR)
mesoscale model (Smith et al., 1994; Lakhtakia and Miller, 1994). A one-dimensional soil hydrology model (SHM), described by
Capehart and Carlson (1994), is driven by standard meteorological observations including surface weather reports, upper air data, and
numerical weather forecast model outputs; land cover data; and soils information. The SHM soil-water content system was designed
for use in the Penn State University/NCAR mesoscale model grid over eastern Pennsylvania. Three nested and telescoped grid
domains were defined, where each horizontal grid consists of 61 by 61 grid cells with the outer coarse grid of 36-km increments  and
inner nested mesh grids of 12 km and 4 km grid intervals (Smith et al., 1994). The USGS BATS land cover data were aggregated by
predominant land cover class within each grid cell. Prescribed vegetation parameters for each predominant land cover class are then
assigned based on standard BATS parameters including roughness length, stomatal resistance, root-zone depth, leaf area index, and
percentage greenness. These land cover characteristics plus soils information are used in the three primary modules of the SHM:
precipitation, evapotranspiration, and gravitation-diffusion. The SHM is designed to primarily operate on the outermost 36-km grid for
mesoscale model initialization.

Biogenic Emissions Modeling

The USGS 159 seasonal land cover classification was used in research at the U.S. Environmental Protection Agency and
NCAR on modeling of the surface flux estimates due to biogenic emissions from volatile organic compounds in the conterminous
United States (Guenther, in press; and Kinnee et al., in press). Because biogenic VOC emissions from plant foliage account for about
50 percent of total VOC emissions, biogenic VOC emissions estimates are an essential requirement for photochemical modeling of
tropospheric ozone and other pollutants as part of air quality studies (Guenther, in press). Biogenic VOC emissions are a function of
vegetation species composition, environmental factors (for example, solar radiation and temperature), landscape heterogeneity,
seasonal variations in foliar biomass, and other factors (Guenther, in press). Land cover data are needed to determine species
composition, especially the contribution of tree and crop types with high VOC emission rates, and to potentially improve foliar
biomass estimates from satellite vegetation index data.



Guenther (in press), Guenther et al. (1996), and Kinnee et al. (in press) compared various land cover data bases at national
and regional levels. For example, Guenther (in press) demonstrated the importance of spatial heterogeneity for VOC emissions
estimates and the corresponding need for high-resolution land cover data. To illustrate this point, Guenther (in press) compared
isoprene and monoterpene emission rate factors mapped at the 1-km level for the conterminous United States based on USGS 1-km
seasonal land cover data with emission rate factors mapped from a 20-km land cover data set. He also demonstrated the potential
benefits from using satellite-derived seasonal vegetation greenness indexes for improved foliar biomass estimates.

Guenther (in press) compared estimated VOC emissions within rural-forested study areas in western Alabama and eastern
Georgia, using land cover data derived from Landsat Multispectral Scanner (MSS) analysis, the USGS 159 seasonal land cover
classes, and country-level data from the U.S. Forest Service’s (USFS) Eastwide Forest Inventory Data and Olsen’s Geo-ecology Data
Base. Natural VOC emissions from all land cover data sources, following aggregation over the study areas, were in general agreement
for basic forest and agriculture (crops and pasture) classes. However, foliar biomass at the species level (for example, pines, gum, and
sweet gum) was varied among the data sources, contributing to large differences in the area average emission factors. Guenther (in
press) used the USFS data and the Landsat MSS-derived data as baselines because both were based on actual field measurements of
species composition. The isoprene fluxes from the 1-km AVHRR land cover data were approximately 40-50 percent lower than the
fluxes determined from the baseline land cover information. He concluded that field measurements are necessary to get species level
information including percentage composition as the basis for accurate VOC emissions estimates.

In a parallel study, Kinnee et al. (in press) described the use of the USGS 159 seasonal land cover data for the western United
States plus other land cover information to develop a Biogenic Emissions Landcover Database (BELD) for the conterminous United
States. These land cover data were used to estimate total biogenic VOC emissions at the county-level throughout the conterminous
United States. Kinnee et al. (in press) also compared the USGS land cover data and the BELD land cover data for Fulton County,
Georgia, Franklin County, Georgia, and Berkshire County, Massachusetts. They reported significant differences in the percentage
composition of land cover data types and associated VOC fluxes between the USGS and BELD land cover data sources for these
county-level comparisons. Kinnee et al. (in press) concluded that the USGS vegetation mosaic classes must be used with caution in
highly heterogeneous landscapes.

Ecological Modeling and Analysis

Several ecological modelers have used the USGS seasonal land cover data in ecosystem modeling and analysis studies. For
example, Burke and others (1995) and Coleman and Burke (personal communication, 1994) have used the USGS land cover
characteristics data in the Century model to study biogeochemical cycling in grasslands ecosystems of the U.S. Great Plains. These
regional studies investigated the interrelationships between climate and grasslands growth, land use, and soil carbon formulation in
eastern Colorado, Kansas, and Nebraska. The USGS land cover data were tailored to derive land use classes including fallowed wheat
land, continuous cropped wheat land, rangeland and pasture, irrigated corn, and rainfed corn. Preliminary model simulations
demonstrated the importance of land use in the soil carbon budget. Coleman and Burke (personal communication, 1994) compared the
USGS land use data in eastern Colorado with USDA agricultural statistics and other data sources. They recommended caution in the
use of USGS vegetation mosaics that include mixtures of land use and other land cover type information.

Although not modeling studies, the papers by Tieszen et al. (in press), Running et al. (1994), and Nemani and Running (in
press) illustrated the use of the USGS land cover data as the basis for ecological analysis and land cover mapping for ecosystem
modeling. For example, Tieszen et al. (in press) analyzed biweekly NDVI images, soils information, and carbon isotope data to
demonstrate the importance of C3 and C4 grasses in the interpretation of the distribution, seasonal variability, and potential production
of grasslands in the U.S. Great Plains. Running et al. (1994) used the USGS 1-km AVHRR seasonal land cover data base to define a
new logic for global land cover classification to meet the needs of ecosystem biogeochernistry modelers. Nemani and Running (in
press) described the ecological foundation for a proposed simplified global land cover classification strategy based on multitemporal
red, near-infrared, and thermal-infrared data from AVHRR.

DISCUSSION

When this test and evaluation project was initiated in 1991, we were interested in learning how the USGS prototype I-Ian
AVHRR land cover characteristics data would benefit a broad range of advanced environmental simulation models involved with
global change research issues. Various atmospheric, hydrologic, and ecologic modelers were contacted and invited to test and evaluate
the land cover characteristics data set. Most modeling applications involved some type of land surface parameterization research on
how to incorporate topographic, land cover, and soils information into the land process submodule of the modeling system (Steyaert et
al., in press).

Atmospheric, hydrologic, and ecosystem modelers were exploring concepts that involved coupled systems land-atmosphere
modeling, telescoping nested grids, regional extrapolations with remote sensing data, and other advanced modeling concepts derived



from the Earth system science modeling concepts. Regional modeling under the paradigm of "global forcing and regional response"
was a significant component of global change research. Even 5 years ago, this modeling was also focused on practical applications
involving operational weather and hydrologic forecasting, environmental quality assessment, and land and water resource
management.

In general, there were two responses to the new USGS land cover data. Although most global modelers were interested in
updated global land data sets, the USGS land data were used for regional sensitivity analysis within global simulations. However, the
response from regional modelers was enthusiastic, especially the mesoscale atmospheric modelers. The USGS land cover data filled a
void and their response was positive. We quickly learned that the USGS flexible data base concept, as manifested in the design of the
USGS 1-km AVHRR land cover characteristics data base, was a break-through in tailoring data to meet diverse user requirements.

Some preliminary lessons learned from this 5 year test and evaluation project are discussed in terms of: (i) perspectives on
the state of land surface parameterization research with land cover data, (ii) the flexible data base concept: looking towards the
MODIS era, and (iii) land cover data accuracy assessment.

Perspectives on the State of Land Surface Parameterization Research with Land Cover Data

(1) Modeler Response. When introduced in 1991, the USGS 1-km AVHRR land cover characteristics data represented in
many respects the first opportunity for many modelers to incorporate digital land cover data into their land surface parameterization
research. The BATS and SiB types of land surface parameterizations were just being introduced into mesoscale atmospheric models.
Many modelers were actively building and testing their own land surface parameterization schemes. As indicated in the preceding
section, most test and evaluation applications involved mesoscale atmospheric modeling. Although some macroscale watershed
models are now under development with land cover data as one input, the emphasis of some watershed hydrologists in 1991 was
focused on basic precipitation-runoff parameterization with terrain and soils information. There was widespread interest among
ecological modelers to define tailored land cover data requirements for use in ecosystem modeling, as well as, modeling with potential
natural vegetation such as defined by Kuchler (1975).

(2) Research Applications. The USGS land cover data were used in a variety of modeling sensitivity experiments to
determine the role of land cover in land surface processes. Xue et al. (1996), Fennessy and Xue (in press), and Pielke et al. (in press)
illustrate this point for both global and mesoscale atmospheric modeling. Mesoscale models play a pivotal role in scaling AGCM
output to regional and watershed levels, especially through the use of nested grid meshes, as illustrated by Lakhtakia and Miller
(1994). These mesoscale atmospheric models require extensive land cover and biophysical parameter data products from space-based
remote sensing sources. These mesoseale models also represent a direct link to many applications involving ecosystem management,
weather-related disaster alerts, land and water resource studies, and other socioeconomic applications. If regional to local weather or
climate is a factor in socioeconomic activities, then meoscale atmospheric models are essential to providing the input data for the
impact assessment models. These regional assessment modelers are potential users of USGS land data products.

(3) Prescribed Biophysical Land Cover Characteristics. In general, the land surface parameterizations such as BATS and SiB
are frequently fine-tuned using land surface process data from a field experiment (for example, BOREAS). Historically, biophysi cal
land cover characteristics (for example, albedo, surface roughness, and stomatal conductance) have been prescribed for each land
cover class in BATS or SiB land cover classification schemes (for example, Smith et al, 1994). Modelers are increasingly moving
towards the use of satellite-based remote sensing to derive such land cover parameters; thus, satellite vegetation greenness indexes
such as NDVI are of growing interest to modelers. There is strong interest in the interannual variability of NDVI. However, the lack of
atmospherically corrected satellite reflectance data, specifically corrections for water vapor and aerosols, plus unresolved bidirectional
reflectance distribution function issues are a problem. Because biophysical parameters are frequently prescribed according to land
cover type, accurate land cover data are needed.

(4) Grid Cell Aggregation Rules. Determining rules for aggregating land cover data within each model grid cell is a key land
surface parameterization research issue. Most modelers are still using the basic predominant class rule for aggregating data in model
grid cells. However, as illustrated by Sellers et al. (1992), Arain et al. (1995), Pielke et al. (in press), Seth and Georgi (1996), Kittel et
al. (1996), and McKeown et al. (1996), there is ongoing research on the methods to parameterize land cover heterogeneity; these
involve questions on linear versus nonlinear scaling requirements. Some modelers are also adopting a mosaic land surface
parameterization approach in which multiple land cover types are used in the grid cell, for example, according to percentage
composition of major land cover categories. There are also unresolved questions concerning the need to parameterize in a statistical
sense, without regard to landscape unit location within each grid cell. Other modelers, such as Pielke et al. (in press), suggest that the
land cover distribution within the grid cell is critical to the parameterization of subgrid processes. As the modelers move from the
predominant class rule to a percentage composition-based or other types of aggregation rules, more accurate land cover data are
required. The need to consider the joint distributions of land cover and soil types is a second major consideration as noted by Kittel et
al. (1996), McKeown et al. (1996), and Steyaert (1996).



(5) Multiresolution Land Cover Data. For regional-scale modeling, these test and evaluation experiments demonstrated that
the I-Ian AVHRR land cover product is well suited as a base-resolution for aggregation to nested grids on the order of 5-, 10-, 20-,
40-, and 60-km grid cells. This is especially true for mesoscale atmospheric models. Large eddy simulations and other detailed
atmospheric modeling of land surface-atmosphere interactions frequently require 1 Km or higher resolution land cover products.
There is a real opportunity for incorporating Landsat Thematic Mapper-derived products into mesoscale research.

(6) Critical Land Cover Data Needs. These case studies demonstrated the need for other derived land cover characteristics
products. In addition to atmospherically corrected satellite vegetation index data, modelers also need information on the seasonal
variability of the fractions of vegetation and bare soil in each grid cell. Similarly, seasonal information on leaf area index and fraction
of absorbed photosynthetically active radiation are two additional key biophysical parameter requirements. Modelers are increasingly
concerned with the type of understory vegetation and secondary ground cover.

(7) Understanding Remote Sensing Products. For many modelers, these test and evaluation projects represented their first
opportunity to work with digital remote sensing-derived products provided in an image-based map format. There continues to be a
learning curve and the need for cross-disciplinary outreach. Some of the confusing topics from the perspective of some modelers
include 8-bit binary image data versus ASCII floating point data, reading and viewing image data files, map projections including
datums and spheroids, georeferencing, georeferenced image files, satellite data calibration, and many other concepts that are well
understood in the fields of remote sensing science and geography, but not necessarily in other disciplines. Such confusion can lead to
barriers that impede use of remote sensing products. Users must be reminded to use the most up-to-date version of the data base, and
also be cautioned about improperly converting seasonal land cover classes into more simplified land cover classification schemes. In
most cases, this re-mapping of land cover classes is best done by the skilled biogeographers and ecologists. Caution must be exercised
in mixing the USGS land cover data with other sources of land cover data.

(8) World Wide Web (WWW) Online Data Access. These case studies have demonstrated the need for basic software data
manipulation tools on a WWW site so that users can easily access, view, manipulate, tailor, and extract the types of land cover data
that meet their individualized application. This enables the modelers to maximize the use of the flexible data base approach for
tailoring land cover characteristics and other land surface data sets.

The Flexible Data Base Concept: Looking towards the MODIS Era

These test and evaluation case studies demonstrated the need for a land cover classification strategy and a flexible data base
approach, such as originally discussed by Lauer (1986), that would permit the tailoring of the land cover characteristics data to meet
diverse land cover data needs of simulation modelers. As illustrated by these modeling experiments, there are a variety of applications
that require differing types of land cover classification schemes. The geographic domain of the models is quite variable with various
grid cell sizes. A wide range of nested grids, with horizontal dimensions ranging from a few kilometers to 100 kilometers are
frequently used by atmospheric modelers. Various types of spatial data aggregation rules are used, ranging from a simple predominant
class to complex mosaic approaches.

The case studies also demonstrated the utility of the USGS 1-km AVHRR land cover characteristics data base as the
foundation for this flexible data base approach for simulation modelers. The seasonal land cover classes of vegetation mosaics were
the key ingredient. They provided the basis for tailoring the land cover data to meet the diverse requirements of modelers. These
findings have implications for MODIS data products, specifically the need for a variety of tailored land cover products with various
grid size formats.

Land Cover Data Accuracy Assessment

The participants were encouraged to provide feedback on their perceptions of data base accuracy; although not the primary
objective of these test and evaluation case studies, Based on recent information, the majority of the test and evaluation modelers
endorsed the USGS 1990 1-km AVHRR land cover characteristics data base. The utility is considered excellent by most modelers. In
fact, the 1-km land cover data are generally viewed as superior to other data sources. Modelers also contend that the aggregation of the
USGS 1-km land cover data into relatively coarse resolution grid cells (5- to 100-km scale) by predominant land cover class, the most
basic spatial aggregation rule, represents a rather robust application that minimizes data accuracy uncertainty. Many modelers also
note that the uncertainty in the land cover data, especially with the BATS and SiB classes, is generally much less than the uncertainty
in other data sets.

Cautionary flags on accuracy issues were raised by several of the modelers. For example, both Guenther (in press) and
Kinnee et al. (in press) commented on the potential accuracy limitations of species-level information with some of the 1-km AVHRR
seasonal land cover classes in their study areas. In fact, these limitations were partially the reason that the USGS species level data



were only used in biogenic VOC emissions studies within the western regions of the conterminous United States. Some confusion
among agricultural crops, fallow, rangeland, and grasslands land cover classes within the U.S. Great Plains were reported by Coleman
and Burke (personal communication, 1994). Other comments on potential uncertainties in biome-level land cover information were
also reported concerning the Pacific Northwest forested areas (deciduous versus conifers), shrublands of the desert Southwest, and
other examples.

CONCLUDING REMARKS

These test and evaluation case studies have demonstrated the utility of the USGS 1990 I-km AVHRR land cover
characteristics data base for several different types of environmental simulation models involved in land-atmosphere interactions
research. The USGS land cover data are contributing to improved land surface parameterizations, especially in meoscale atmospheric
modeling.

Furthermore, these case studies demonstrated the utility of the USGS prototype 1990 I-km AVHRR land cover characteristics
data base as the foundation for a flexible data base approach for tailoring land cover data to meet diverse data needs of
land-atmosphere interactions modelers.

Advanced modeling applications will increasingly require more detailed and accurate land cover characteristics data.
Expanded USGS research efforts, including multiresolution land cover regional studies with extensive field data, are needed to more
fully understand the 1-km AVHRR compositing and multitemporal land cover characterization process and results. In particular,
research to develop enhanced validation techniques for accuracy assessment of 1-km AVHRR land cover characteristics data products
in the conterminous United States is a high priority.
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SUMMARY

From the beginning of the North American Landscape Characterization (NALC) has been come accomplishing a pilot study
in southeastern Mexico, covering a strip that is going from the coast of the Pacific Ocean to the of Gulf of Mexico, through the path 21
rows 47, 48, 49 and 50 (WRS 2) guided mainly to the test of the standard data and standard methods proposed for the whole project, in
particular, the unsupervised classifications and the labeling procedures of the classified images.

The work has been concentrated in the triplicate 21 / 49 and after some changes in the legend of the project that make it more
detailed particularly in forests and jungles, an attempt of some alternative of reclassification procedures using ancillary information as
topography, land use and vegetation in a GIS environment in order to obtain a final image that contains the classes of coverage.

1. INTRODUCTION

The NALC project (North American Landscape Characterization) designated in Mexico as CPAN (Caracterizacion del
Paisaje de America del Norte) is a component of the NASA’s Landsat pathfinder program that intends to provide long term sets of
data, of medium and high resolution to be used for regional applications as well as global change studies using remote sensing
technologies.

Coordinated by the US EPA (Environmental Protection Agency) intends to produce as final product, standard land use
coverage data with a resolution of the 60 in for Mexico and part of the Continental United States and as intermediate products a series
of standardized data and methods to be applied in all the area.

To begin the project in Mexico, was proposed to accomplish a pilot study in the southeast of the country to test and validate
the data and methods of the project.

2. OBJECTIVE

The fundamental objectives of the project are the production of a set of standard remote sensing data, develop analysis
methods and to derive products from land use coverage and coverage change throughout approximately 20 years since the MSS sensor
(Multispectral Scanner) has been obtaining data from the space. The project will produce also primary data to study the dynamics of
the cycle of the carbon, inventories and carbon stocks studies as well as traces of emissions of greenhouse gases. (Lunetta &
Studervant, 1994) In order to test the data and methods in the context of Mexico, was decided to carried a pilot study whose specific
objective is to validate it the data and methods to be used in the project. In order to have an example area was selected in the
southeastern Mexico a strip that is going of the Gulf of Mexico to Pacific Ocean covering part of the states of Campeche, Tabasco and
Chiapas and even parts of Guatemala. In the world reference system 2 of Landsat this strip is going through the path 21 rows 47,48,49
and 50. (Figure 1).



3. SETS OF DATA

The first set of satellite data constitute the Landsat MSS triplicates corregistered, geometric radiometric and geographically
referenced to the projection UTM (universal transverse of Mercator) for the years of 1973, 1986 and 1991 + - a year these data are the
principal source of information of the project, and were chosen due to 20 years of existence of the MSS sensor (of July of 1972 to
September of 1992), the low cost of this type of images and the last opportunity that has from obtaining data from the MSS. This
sensor will be discontinued for future missions. No other digital files has similar coverage characteristics spatial and temporal what
represents a potential use for global studies. (Guindon, 1994). (Figure 2 y 3)

The sensor MSS, has been orbiting in the Landsat’s missions using the same or similar spatial and spectral resolutions, this
characteristics permits to make comparations for a long time. The sensor has operated with four spectral bands that include a green
band or band 1 (0.5-0.6 um), a red band or band 2 (0. 6-0.7 um), a near-infrared or band 3 (0.7-0.8 um) and a second band in
near-infrared or band 4 (0.8-1.1 um). In the initial missions, the bands were designated from 4 to the 7 respectively. (Lunetta et. al,
1993) On the base of the world reference system 2 catalog (WRS 2) of Landsat, the base image was the one of the decade of 80’s,  and
in order to have the same coverage for the 70’s was required mosaics of 2 and sometimes 3 images. this due to the changes in the
orbits of the Landsat satellite between the initial missions and the current.

Occasionally when they were not found images with a cloud coverage percentage less than 30%, was necessary to generate
cloud-free composites using images from several dates or seasons. The basic criteria for the selection of the images was that the
diferents dates coincided with similar phenologic conditions of the vegetation in order to minimize the effect of the season in the
analysis of change coverage. As part of the standard data is included also the digital elevation model or DTM that covers the same
area of the triplicates and in the same coordinates system (Figure 4). The rest of the data are produced after a series of processes.

4. METHODOLOGY

A series of initial procedures were made at the USGS EROS Data Center (Earth Resources Observation Systems Data
Center) that consist mainly of the images selection, the control points selection from the topographic maps scale 1:50 000 for the case
of Mexico and the georegistration map to image for the image of 1986 in this case, and the subsequent image to image registration for
the other two dates, as well as to add the digital elevation model which cover the same area that the triplicates, the DTM;. were made
by the US DMA (United States Defense Mapping Agency) to a resolution of 3 arc second. The differences between the NALC data
and the original MSS data is a resamplig of the pixels to 60m against the original of 79m for the images and of 90m in the case of the
DTM, this will give the possibility for subsequent projects a compatibility between these data and Landsat TM that has a spatial
resolution of 30m. (Lunetta et. al. 1993)



On the other hand, in the Environmental Monitoring System Laboratory in Las Vegas (EMSQ, was proceeded to accomplish
the quality control and a series of studies guided to determine the unsupervised classification algorithms to be used to generate the
images that contain the clusters resulted and the classification and also to define the classification scheme or legend to be used during
the project.

The work to accomplish then, bases in receiving the information which consists in 4 MSS bands, a classified image resulted
of the application of the unsupervised classification programs and the digital elevation model, then with the field knowledge and with
ancillary information (maps or aerial photography), proceed to identify the spectral classes and to assign them the classes of coverage
in order to obtain a land use map, this process is called usually as labeling.

In the original project was proposed legend very general (Table 1), but subsequent needs carried to define a new one with
more classes, much complete but at the same time more complex, (Table 2) This new legend complicate also the labeling procedure
demanding more ancillary information as well as other methods as the one which is described below.



The ancillary information are the maps of land use 1:250,000 from INEGI accomplished between 1975 and 1987 as well as
information from the National Forest Inventory accomplished between 1989 and 1993 by the Instituto de Geografia UNAM (Sorani &
Alvarez, 1995), that produced cartography 1:250,000 of the forested areas of the country. Both information are available in digital
form which is easily to integrate to a Geographic Information System (GIS) in order to do a series of procedures and operations that
improve the classification of the images.

For the pilot study, were selected 4 scenes corresponding to the path/row 21/47 21/48 21/49 and 21/50 that cover part of the
south of Mexico from the Pacific ocean to the Gulf of Mexico. The main work has been concentrated on the image 21/49.

The pilot study has consisted of a series of procedures guided to made the QA/QC of the information that is received, that is
verify that the media is without errors, checking the headers, images and that the coordinates system will be correct; this is made
displaying the information contained in the tapes assigning the coordinate points and verifying against other sources of information.

They were performed unsupervised classifications independently of the accomplished s in the EMLS-Las Vegas to
understand better the procedures, parameters and the results of the classification. For this was used a program of classification type
ISODATA using the PCI’s ISOCLUS program. These classification procedures runs very fast and this is particularly important since
for all the project it is considered to classify (Lunetta et. al. 1993) 102 scenes of 4 bands each one by 3 dates what makes a total of
around d and 1632 bands to classify considering that to form the scene of the years 70’s is required of at least 2 images what is
translated in a demand of re considerable calculation resourses.

The parameters the classification used as entry to the program can deal in following table:

The next step is to group the clusters or spectral classes in classes of information , this procedure that is known generically as
labeling, consist in generating a color table for the classified image that it will be similar to a conventional RGB composite 4,2,1 in
this case; in such a way that visually similar products (the classified image and the color composite) to identify more easily each one
of the classes.



Then they are displaying one by one the classes and assigning the dominant class to some information category for the
subsequent aggregation in the final classes. The mixed classes are assigned to a dominant class for subsequent recoding or are
classified as unknown indeterminable or mixed.

Since all classification using satellite images involves a certain error, since different objects can have similar responses in
reflection and similar objects may espectraly defer, it is necessary to accomplish a quality control in order to knowing the precision of
the classification, as well as a process of reclassification that reassign classes in order to improving the initial classification.

To reclassify the product, in a GIS context were stored several information layers such as a mosaic of 3 sheets 1:250,000 of
the INEGI’s land use, 3 sheets 1:250,000 of IG’s National Forest Inventory, the digital elevation model (DTM), physiographic
provinces as well as watersheds derived from hydrologic procedures from the DTM and the Landsat TM classified image. All these
layers covering the same area and in the same coordinates system. (Figure 5)

Defining sets of decision rules introduced to the GIS, the image is reclassified in order to get a greater degree of certainty, for
example if the classification can not discriminate between pine forest and oak forest, the decision rule would be that the classes
classified as forest and if they are found in an altitude range between 700m and 1500m over the sea level change to oak forest. The
image resulted of all the process can deal in the (Figure 6).

5. CONCLUSIONS

The NALC project involves great quantity of usefulness information not alone for the same project but for a wide range of
regional studies that is there can to accomplish in the future. The work of gathering all this information and to make it available to all
the groups of participating investigation in the project is, itself a task of great magnitude. It is too difficult to create a uniform
methodology for all the area, therefore the pilot studies have been and they are definitive in the process. That is to say so different
zones as it could be the great plains of Northamerica and the tropical zones of Mexico, where the topography, the vegetation and the
land use are so different, they hold encase in only one legend, other problem to solve by the pilot projects is, given the impossibility of
arriving to the complete classification of the scenes being based only on the information that contain, find alternative sources as well
as a GIS permit to have a product but rich, comply with the standards for the global project and to generate useful data to other
projects.

The knowledge of the land use is vital to categorize the information, incorporates this knowledge either empirical or
systematical in a knowledge base along with the remote sensing technology, represents an alternative to the future. In the particular
case of the pilot project, this was especially important to differentiate the "acahuales" which are secondary vegetation that was
confused espectralmente with grass or differentiate tropical semideciduos forest.
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ABSTRACT

Isoprene emissions from oak trees in the southeastern United States play an important role in an increasingly severe
tropospheric ozone pollution problem. Models that estimate tropospheric ozone production have been implemented; yet to this point
the models have used only general forest categories. Oak trees, however, emit an order of magnitude more isoprene than most other
tree species, and are by far the most important source of biogenic isoprene emission in the eastern U.S. This research uses Landsat
Thematic Mapper (TM) data to measure oak tree abundance at a forested site near Oak Ridge Tennessee. The oak tree abundance map
was used to estimate biogenic isoprene fluxes from the mixed deciduous/conifer forest.

The oak tree classification was achieved with supervised classification techniques and a layered approach. Winter and late
summer Landsat TM data were used. Training sites were selected based on detailed ground transect data, and seven vegetation classes
were mapped including high, medium and low oak concentrations. A multi-spectral supervised classification algorithm called the
Spectral Angle Mapper (SAM) was used to classify the data.

Isoprene emission from oak foliage was measured with leaf and branch enclosure techniques. These emission data were used
to estimate the isoprene flux from each of the high, medium and low oak classes on a pixel-by-pixel basis. The resultant isoprene flux
maps were compared with concentrations measured from a tethered balloon sampling system, and a good correspondence was
observed.

1. Introduction

One of the most persistent and frustrating air pollution problems in the United States is tropospheric ozone, a photochemical
oxidant and an important component of smog. Elevated ozone concentrations in urban and regional air were recognized by the early
1950s (Haagen-Smit, 1954); and massive and costly cleanup efforts have been implemented since the 1960s. Yet, despite these
cleanup efforts, the problem continues to grow steadily worse. Controlling ozone pollution is difficult because ozone is not commonly
emitted directly into the atmosphere. Instead, ozone is the product of precursor gas emissions and atmospheric chemical reactions.
Under certain meteorological conditions, ambient ozone concentrations in and downwind of large urban areas can reach levels three
times higher than the concentration considered acceptable for public health by the U.S. Environmental Protection Agency (EPA)
[National Research Council, 1991].

Ozone (O3) is a reactive oxidant gas that is produced naturally in the earth’s atmosphere. Most of the atmospheric ozone
occurs in the stratosphere (Figure 1). Stratospheric ozone plays a critical role in absorbing damaging ultraviolet solar radiation. A
smaller portion of naturally occurring ozone is found in the troposphere (Figure 1). Tropospheric ozone accounts for about 10-15
percent of the atmospheric total. Its concentration is measured in orders of 10 parts per billion (ppb), while stratospheric ozone
concentrations can exceed 10,000 ppb (National Research Council, 1991).



Ozone is formed by a series of atmospheric chemical reactions that occur in the presence of sunlight. The reactions require
precursor emissions of two types of gases: nitrogen oxides (Nox), and hydrocarbons known as volatile organic compounds (VOCs).
NO, sources are primarily anthropogenic (man-made), while VOC sources are both anthropogenic and natural. NO, is produced during
high temperature combustion that involves atmospheric nitrogen. Examples of NOx sources include automobiles, fossil-fuel power
plants, lightning, and forest fires. Some NOx is also released by natural soil processes. Anthropogenic VOC sources include
evaporation of fuels, solvents, and paints; and fossil fuel combustion products. Natural (biogenic) VOCs are emitted primarily by
forests. A thorough description of the chemical processes that form ozone from the precursor gases can be found in National Research
Council (1991).

The presence of naturally-emitted biogenic VOCs increases the complexity of ozone control. On regional scales, natural
sources of these precursor components are often greater than anthropogenic sources (Lamb et al., 1993; Guenther et al., 1995). Yet,
until recently, ozone control strategies focused only on reducing anthropogenic VOC emissions and did not consider biogenic
emissions. According to the National Research Council (1991), the ozone problem in many parts of the United States has been made
even more severe by this policy.

Biogenic VOCs comprise many organic compounds, and the amount emitted varies considerably among plant species (Table
1). One of the compounds typically emitted by deciduous trees is isoprene (C5H8); conifers commonly emit terpenes such as a-pinene
and b-pinene. These few compounds account for about 50 percent of the biogenic VOC emissions, with the remainder being a wide
variety of other compounds (Guenther et al., 1994). In the United States, forests are believed to ernit about 90% of the biogenic VOCs,
with agricultural and scrub lands contributing the rest (Lamb et al., 1987).



In the southeastern United States (where ozone pollution problems are particularly severe), most of the biogenic VOC
emissions are from relatively few tree species (Table 1). Regional models that incorporate tree emission rates and total biomass of
each species have shown that isoprene emitted by oak trees dominates the daytime biogenic VOC flux in the eastern United States
(Geron et al., 1994; Guenther et al., 1995).

Current work at the National Center for Atmospheric Research (NCAR), in collaboration with the Southern Oxidants Study
(SOS) and the U.S. Environmental Protection Agency, focuses on developing models that incorporate biogenic VOC emissions from
specific vegetation communities into regional chemistry and transport models. In previous studies forests were modeled as either
deciduous or coniferous. But, because of the dominant role that oak trees play in biogenic VOC emission, a species-level map is
required. In this study relative oak tree concentrations were mapped in the Oak Ridge, TN area using remotely sensed satellite data
(Landsat TM). The oak concentration maps were converted to isoprene emission maps by applying field-measured leaf-level emission
rates. These emission maps will be used as input to regional ozone production models and therefore represent a critical link between
leaf-level measurements and regional isoprene flux estimates.

2. Study Area

This study was conducted in and around the Walker Branch Watershed, which is located within the Oak Ridge National
Laboratory (ORNL), a U.S. Department of Energy Reservation near Oak Ridge, Tennessee (Figure 2). The area lies on the western
edge of the Appalachian mountains, and is characterized by forest-covered, northeast-trending ridges and valleys with a relief of about
125 m. The forests are primarily hardwood with some conifer stands. The dominant tree species are: oak (Quercus), maple (Acer),
hickory (Carya), pine (Pinus), sweetgum (Liquidambar), sourwood (Oxydendron), and black gum (Nyssa) [Klinger, pers. com.]. A
44-in walkup tower provided a platform for leaf and branch enclosure experiments, and for above-canopy atmospheric measurements.
A tethered balloon sampling system was deployed from a clearing about 400 meters north of the tower. Further information about the
site can be found in Johnson and Van Hook (1989).



3. Image Processing Methods

3.1 General

Identification of oak trees was achieved with multi-date Landsat TM data, and a supervised classification. Field
measurements made in 1992 were used to choose training sites for each class. The field data consist of detailed vegetation inventories
in transects with well-located plots. Spectra were extracted from the training site pixels and averaged to produce reference spectra.
The reference spectra were used as input for the Spectral Angle Mapper (SAM) classification algorithm and the results were combined
with a layered approach.

The Spectral Angle Mapper is a multi-spectral supervised classification algorithm developed at the University of Colorado
(Kruse et al., 1993). This method treats image spectra as n-dimensional vectors, where n is the number of bands. A test spectrum
(from a pixel) is compared with a reference spectrum (the desired class), and a smaller angle between the spectral vectors indicates a
better match (Figure 3). A threshold angle is used to determine whether or not a spectrum is classified as a specific class. The power of
the SAM method is that it is very sensitive to small spectral variations, yet it is highly resistant to illumination differences. Thus, the
subtle spectral differences between various oak concentrations can be detected, while light and dark sides of ridges can be consistently
classified.

Eleven land-use classes were identified in the Oak Ridge area, with an emphasis on oak tree densities. The classes are as
follows: high oak deciduous, medium oak deciduous, low oak deciduous, pine, mixed pine/deciduous, cultivated conifer, shrubs and
grasses, agriculture, water, bare soil, and urban. The Oak Ridge data set consists of two standard seven-band digital Landsat TM
images of path 019, row 035 that were acquired on 12/17/91 (winter), and 9/30/92 (late summer). Image processing was performed
with ENVI software on a Power Macintosh 8100/80 computer. Additional data manipulation and classification layering was done with
programs written in IDL (Interactive Data Language).



3.2 Preprocessing

The following steps were applied to both TM images to prepare for classification. TM Band 6, which measures emitted
energy (thermal IR), was removed from the data. The remaining six bands, that measure reflected energy, were retained. A regression
adjustment (dark object subtraction) was used to correct for atmospheric and sensor effects (Jensen, 1986; Chavez, 1988).To reduce
processing time a 1024 by 1024 pixel subset covering the ORNL and Oak Ridge city areas was extracted. The subsets were registered
to the UTM coordinate system (Zone 16) with a pixel size of 30 m using nearest neighbor resampling with second order polynomial
equations. A root mean squared (RMS) error of 0.49 was achieved for the fit between each image and the 1:24,000 USGS topographic
maps using 24 evenly distributed ground control points. With an RMS error of 0.49 and a pixel size of 30 m, the ground location of
each pixel center is known to within about +/- 15 meters.

3.3 Classification

Classification results were added as layers to a ’blank slate’, or final classification image. As pixels were classified in the
original Landsat data, the corresponding pixels on the ’blank slate’ were assigned a value indicating the class (e.g. pine = 10). Once a
pixel was assigned to a class it was considered permanent and not re-assigned (Wolter et al., 1995).

The first step was to classify coniferous trees. These evergreen trees are distinct in the winter image because the surrounding
deciduous trees have lost their leaves. Individual stands of loblolly pine and mixed deciduous/pine forest were identified during the
1992 field study and indicated on aerial photographs. The corresponding areas were located on the winter Landsat image and training
spectra were extracted and averaged (about 100 pixels per class). The averaged spectra were used by the spectral angle mapper to
classify the TM winter subset.

Inspection of the results showed that some obvious evergreen stands were not classified as loblolly pine or mixed pine.
Interpretation of stereo aerial photographs showed that these areas are densely covered by young(?) pine trees planted in regular rows.
Training pixels were selected from these unclassified evergreen areas and the winter image was reclassified with the three conifer
classes.

Conifer layers were added to the final classification image by evaluating the SAM results. In this case the SAM output
consists of three bands of floating point data, one for each class. The value of each pixel is the spectral angle, in radians, between the
class’ training spectrum and the pixel’s winter TM spectrum. A program was written to evaluate the SAM results images. For each
pixel, the band with the lowest value (spectral angle) was identified. If this value was below a threshold of 0.1 radians then that pixel
was assigned to the corresponding class. (ENVI software will automatically evaluate the SAM results and return a final classified
image. The evaluation was done manually in this case so that the multi-date imagery could be added one layer at a time to the final
classification image.)

The second layer of classification consists of the deciduous and oak classes, and was extracted from the late summer TM
image. Training spectra for high, medium and low oak classes were derived from pixels that correspond with specific ground transect
plots (Figure 3). These transects were mapped during the 1992 field study and include detailed vegetation inventories of the
well-located plots. A total of 31 plots along three transects were mapped with tape and compass, and marked on air photos. Using the



measured coordinates and stereo air photo pairs, the points were carefully transferred to 7.5 minute topographic maps and the UTM
coordinates measured. Based on the UTM coordinates, the corresponding TM pixels were identified.

The 31 pixels were classified as high, medium, or low-oak deciduous based on the detailed vegetation surveys. All plots with
more than 30% pine were excluded (mixed pine class already classified). Remaining forest plots with less than 25% oak were
considered low oak deciduous; 25-50% oak were medium oak deciduous; and greater than 50% oak were high oak deciduous. There
were about 9 training pixels for each of the three classes. Average TM spectra were extracted (Figure 3) and the image was classified
with the spectral angle mapper. The results were added to the final classification image with the same method that was applied to the
pine classes. There was an additional constraint, however, that previously identified pine pixels would not be overwritten.

Areas of shrubs and grasses, agriculture, and bare soil were identified based on aerial photographs that were annotated during
the 1992 field work. The late summer image showed the best differentiation for these classes. Classification was done with the method
described above. The SAM classification results were added to the final classification image with a lower priority than the existing
classes.

Finally, average spectra for the remaining classes (urban and water) were derived from regions that were identified by
inspection of the Landsat images, and classification was done using the winter image. These results were added (with the lowest
priority) to the final classification image. To aid interpretation, the classification image was color coded and roads and highways were
added from USGS 1: 1 00,000-scale digital line graphs.

3.4 Isoprene Emission Maps

Isoprene emission maps were created from the Oak Ridge classification by applying to each class empirical emission factors
that are based on vegetation enclosure measurements and a simple canopy isoprene emission model (Table 1) [Guenther et al., 1996a].
The result is an image where each pixel value consists of a biogenic emission capacity. The emission predictions will be resampled to
other scales and used as input for ozone production models. A comparison between the modeled isoprene flux and field measurements
of isoprene flux is presented in Section 5.

4. Field Study Methods

Field studies in the Oak Ridge area were conducted in July and August 1992, and July 1995, and consist of detailed ground
transects, qualitative observations, and atmospheric gas measurements.

4.1 Ground Transects

Eight 200 in transects were measured radially outward from the 44 in tower in the following directions: N, NE, E, SE, S, SW,
W, and NW (Figure 4). Each transect consists of adjacent 10 x 10 in plots forming a line of square boxes. Each plot was sampled for
slope, aspect, species composition, diameter at breast height (dbh) [~1.5 m], tree height, sapling count, and percent cover of the
dominant growth forms. Trees are individuals greater than 4 cm dbh, saplings are individuals less than 4 cm dbh and greater than 1.5
m height. A total of 160 plots were sampled in this manner.

The transect data were processed to estimate the crown-area percentage of each tree species in the canopy (Guenther et al.,
1996b). The plots were classified using these percentages and the same classification scheme that was applied to the TM data. The
classified plots were used as 10 m pixels in an image, resampled to 30 m, and compared with the TM classification. A subset of the
classified TM image surrounding the tower and the classified transect ’image’ are compared in Figure 4.



To test the accuracy of the TM classification the transect data were used to calculate errors of omission and commission, and
overall accuracy (Table 2). The results of this calculation are discussed in Section 5.1.

4.2 Field Observations

Qualitative observations were made to help assess the accuracy of the TM classification outside the vicinity of the training
area. ’Walking transects’ were conducted at two sites in the ORNL; and ’automobile transects’ were used to study two sites on the
Cumberland Plateau (about 20 km to the northeast).

Two sites in the Copper Ridge area comprising high to medium, and high to low oak classes were visited in the field (Figure
2). At the first site vegetation was observed along a 200 m walking transect that crossed from a medium oak class to a high oak class.
Observed vegetation corresponded well with the classified image. In the medium oak zone oaks were about 30-50 cm dbh and about
15 m tall. Hickory and maple trees were intermixed and the canopy was relatively dense. About 75 m into the transect the
concentration and size of oaks notably increased. There were fewer hickory and maple trees, the canopy became nearly closed, and the
oaks were larger with a dbh of 50-90 cm and a height of about 25 m.

The second walking transect was a circle about 250 m in diameter and included low, medium and high oak pixels. Based on
observations in this transect, the low-oak pixels were under-classified. Oak trees covered about 35 - 40 % of the area in the low-oak
zone (a medium concentration). The trees were tall and spindly, however, and likely exposed much of the highly reflective limestone
bedrock to the satellite. The bedrock exposure may account for the under-classification.

The high and medium oak pixels on the second transect were classified more accurately. The canopy was mostly closed and
the bedrock was covered by soil. Tree characteristics were similar to those described for the first walking transect.

At the two Cumberland Plateau sites, trees were identified with binoculars from an automobile. The Cumberland Plateau is of
particular interest because the classification shows consistent, widespread high oak concentrations at the higher elevations. The first
site was about 11 km north of Oak Ridge at the top of Walden Ridge. ’Me densely-forested ridge is covered by about 80 percent
hardwood and 20 percent conifer. Oak species comprise about 40 to 60 percent of the total canopy, with the remaining hardwoods
being maple, tulip poplar, walnut and hickory. The pine trees are concentrated in bands and patches along the ridge. This is consistent
with the classification image although the oaks may be slightly over classified.



The second site was a side road off State Route 116. The area is characterized by rural residential use and the forest has been
heavily disturbed by human activity. Homes are separated by several hundred meters, and yards contain lawns, gardens, non-oak
hardwood trees and pine trees. High concentrations of oak trees were observed, however, on hills behind the residential zone. The
classification shows a scattering of high- to low-oak deciduous, and conifer pixels for this area, consistent with heterogeneous rural
land use patterns.

The final site was along State Route 116. It overlooks a ridge to the southwest of the road. The ridge is densely forested with
a high concentration of oak trees and classified (correctly) as homogeneous high oak.

4.3 Gas Flux Measurements

Biogenic isoprene fluxes were measured at three scales in the Walker Branch watershed (Guenther et al., 1996a). At a small
scale, leaf-level and branch-level emissions were studied with enclosure systems. These systems consist of a bag (for branch
sampling), or box (for leaf sampling), that traps the emissions in a controlled environment. Emissions are estimated with a mass
balance approach. On the canopy level, a Relaxed Eddy Accumulation (REA) system, and a micrometeorological system were used to
estimate fluxes in the atmospheric surface layer above the forest. These systems were mounted on the 44-m tower and use the vertical
gradient of isoprene concentrations to estimate the flux. At the landscape level, fluxes were estimated with data collected from a
tethered balloon profiling system at elevations up to 2 Ian above ground level. Again, the vertical profile of isoprene concentrations
was used to estimate the regional flux. These sampling methods are described in more detail in Guenther et al. (1995), and the results
are compared with TM-based flux maps in Section 5.2.

5. Discussion

5.1 Error Analysis

This study lacks a direct quantitative error analysis. Verification consists of three somewhat indirect methods that are not
individually conclusive, but together indicate good agreement. The three methods are: the tower transects; the field observations; and a
comparison with the United States Forest Service Forest Inventory and Analysis (FIA) Eastwide Data Base (Kinnee et al., 1997;
Hansen et al., 1992).

An error analysis based on the tower transect plots shows poor results, with individual class accuracy’s ranging from 43 to 67
percent (Table 2). The transects were measured primarily to characterize the forest surrounding the tower, and secondarily as a
ground-truth check. The sampling strategy was not optimized for ground-truth purposes, and thus there are several problems with this
analysis. First, the number of pixels used (n=46) is too small to be statistically valid. According to Jensen (1986), 204 points are the
minimum that are necessary for reliable results (with an expected accuracy of 85% and an allowable error of 5%). Second, the error
involved in overlaying the transects and satellite data is greater that one pixel, so the classified pixels may not correspond exactly with
the assigned transect plots. The two main sources of spatial error are: image to map registration (+/- 1 pixel), and GPS location of the
tower (up to +/100 in, or 3 pixels). The third problem is the difference in scales between the 900 m 2 satellite pixels and 100 m 2
transect plots. A feature that dominates a transect plot may be an insignificant part of a larger satellite pixel. A qualitative comparison
between the transects and the classification does, however, show that they match fairly well in both magnitude and pattern.

The next method of verification, qualitative field observations, is not suitable for error analysis. It does, however, provide
excellent feedback about the accuracy of the classification when it is combined with experienced knowledge of the field area. For
example, it was known from experience that most oak trees grow on ridge tops because they thrive on well-drained soils. The
classification showed high concentrations of oak trees on the ridge tops, and walking transects in the field confirmed this observation.



The best quantitative evaluation of this classification is a comparison with the FIA data base performed by Kinnee et al.
(1997). They compared this Landsat classification with their Biogenic Emissions Landcover Database (BELD) which is based on the
FIA data base. FIA data is collected by the U.S. Forest Service on approximately ten-year cycles using aerial photographs and
includes forest extent, and species composition. Table 3 presents the Landsat-BELD comparison.

The comparison between the Landsat classification and the BELD/FIA data is quite good, but requires the modification of
some classes. Conifer and deciduous forests were combined and match within 14 percent. Oak forest concentrations were calculated
several ways and the best match is within 0.2 percent. When the agriculture and scrub/grass classes are combined into a single
non-forest class the match is within 3 percent. The Landsat classification of these two non-forest vegetation classes was based on
inspection of images and aerial photos and is probably best left as a combined non-forest class.

5.2 Emission Modeling

Isoprene flux due to oak trees was modeled using oak tree densities from this classification, and compared with actual
isoprene fluxes measured in the field. The modeling technique is described in Guenther et al. (1996a), and uses estimated foliar
densities and area-averaged estimates of leaf-level parameters. Fluxes were calculated for circular ’footprint’ areas with radii of 0.5
km, 3 km, and 14 krn from the tower/balloon sites. Table 4 compares the modeled fluxes with the measured fluxes. The agreement is
suprisingly good and supports the validity of this classification over the modeled regions.

5.3 Forest Classification and Ozone Modelin

Regional ozone models do not use landcover data at the small scale of Landsat TM. Local ozone models use 1 to 5 km grid
cells while regional to global models use grids that range from 50 to hundreds of kilometers (National Research Council, 1991). The
purpose of using TM data is to maximize the accuracy of the oak tree density mapping. With TM data, the pixel size approaches the
crown size of large oak trees or small tree clusters, and the spectral mapping is able to separate oak trees from other deciduous trees.
The accuracy of the classification may not yet be validated on a pixel-per-pixel basis, but the overall utility of the method is strongly
supported by the agreement between the estimated isoprene fluxes and the measured fluxes.



Future work with this method will include a study of the effect of changing scales and classification accuracy. At the very
small scale of the tower transect study the accuracy was quite low. At the larger scales of the flux measurements or the BELD study
the accuracy becomes good. The scale of classification necessary to provide meaningful biogenic input for local and regional ozone
models has yet to be determined.

6. Conclusions

The multi-temporal Landsat TM classification was successful in measuring oak tree concentration in the Oak Ridge,
Tennessee area. The classification was achieved using detailed ground transects to provide training sites for the supervised
classification. Information was extracted from the late summer and winter TM scenes and added to the final classification as layers.

Verification of the classification is supported by field observations and a comparison with a USFS forest inventory (FIA)
database. Poor agreement between the tower transects and 46 Landsat pixels can be explained by the small sample size and cumulative
spatial errors.

The isoprene flux maps created from the TM classification accurately predict the isoprene fluxes observed in the field. This
method should help improve tropospheric ozone modeling by providing detailed oak concentration maps.
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ABSTRACT

Soil erosion can be significantly reduced by leaving crop residues on the surface after harvest. An accurate estimate of crop
residue cover is needed as a key parameter for erosion prediction models such as the Universal Soil Loss Equation (USLE) and the
Water Erosion Prediction Project (WEPP). Remote sensing techniques can be used for improving methods for estimating crop residue
cover. However, there are no spectral features of crop residues as distinct as those for green vegetation. Furthermore, the spectral
signatures of crop residues are similar to those of soils except for the ligno-cellulose features of crop residues in the 2.1 [tm region.
This study is designed to test the potential use of hyperspectral remote sensing data for the classification of crop residues by making
comparisons of classification performances with the original AVIRIS, AVIRIS data adjusted for atmospheric effects, and broad band
simulated TM data sets. The results illustrate the usefulness of hyperspectral data for the classification of crop residue using the near
infrared bands rather than the middle infrared region. The results for simulated broad band TM data were not as good as that for the
hyperspectral data.

INTRODUCTION

Dry plant materials are an important source of CO2 in the terrestrial ecosystem. Cellulose, one of the most abundant
constituents in dry plant materials, forms a key reservoir of fixed carbon and exerts a large influence on CO2 concentrations in the
atmosphere (Elvidge, 1990). Therefore, an accurate estimation of dry plant material is one of the most critical steps in developing
global models for understanding the carbon dynamics of the biosphere. Particularly in an agricultural ecosystem, timely measured
parameters of crop residues left on the field surface after harvest would be most useful information for managing soil erosion and
water quality since crop residue cover is needed as a key parameter for erosion prediction models such as the Universal Soil Loss
Equation (USLE) and the Water Erosion Prediction Project (WEPP).

Current measurement techniques of crop residue cover are subjective, inefficient, and of questionable accuracy. The current
line-transect method used by the USDA Natural Resources Conservation Service is to stretch a rope or tape with a regular knotted
interval diagonally on the field and count the number of knots touching crop residue for estimating percent crop residue cover.
However, there was variation of cover ranging from 7 to 20 percentage points and nearly 9 percentage points when using the same
device on the same site among the USDA-trained observers according to the report from Morrison et al. (1995). Thus, a more accurate
and objective method is needed for estimating crop residue cover.

Optical remote sensing techniques may be used for estimating crop residue cover with a more improved accuracy and
objectivity over large areas. However, many problems in estimating crop residue cover with remote sensing techniques have been
discussed. First of all, there are no distinct spectral features of crop residues unlike the green vegetation that has unique chlorophyll
pigment absorption features, red edge and high near-infrared and water absorption features due to leaf structures. On the other hand,
laboratory measurements indicate that crop residue has a monotonical increasing pattern of spectral response in the visible and near
infrared region of the electromagnetic radiation spectrum. In addition, overall patterns of spectral response of crop residue are similar
to those of soils, which makes it difficult to discern crop residue features from soil-crop residue mixtures. There can be amplitude
differences mainly because of variation of water content and color of soils and degree of weathering of crop residues.

The ligno-cellulose features of crop residue can be found around 2.1 µm which is not in soils; this feature is however near a
CO2 absorption feature in the atmosphere. Furthermore, the measured upwelling radiance of the field with crop residue is always
mixed with other components such as soil, green vegetation and water. These mixture effects make it very difficult to detect and
classify the crop residue with remote sensing techniques.

The advent of the hyperspectral imaging spectrometer such as Airborne Visible/Infrared Imaging Spectrometer (AVIRIS)
provides a tremendous amount of data and challenges for processing and analyzing these data. One approach is to classify the data
with a relatively limited number of training samples for improving accuracy (Jia and Richards, 1994; Jimenez and Landgrebe, 1994;



Shahshahani and Landgrebe, 1994). Other approaches such as spectral matching and linear unmixing type analyses use a specific
spectral absorption feature and overall spectral characteristics by taking advantages of narrow band hyperspectral data for improving
detectability of a specific pattern (Boardman, 1994; Gao and Goetz, 1994; Jia and Richards, 1993). Daughtry et al (1995) attempted to
create the cellulose absorption index (CAI) for enhancing the spectral features of ligno-cellulose using the shoulders and minimum
reflectance around 2.1 µm based on laboratory measurements. Elvidge (1988) also showed a ligno-cellulose feature pattern by
subtracting 2.35 µm composite band image from 2.20 µm composite band with AVIRIS data empirically adjusted for atmospheric
effects.

The overall purpose of this study is to test the potential use of hyperspectral data for the classification of crop residue. To do
this, AVIRIS data adjusted for atmospheric effects were created by using the ATmosphere REMoval program (ATREM) with the
original AVIRIS data set since crop residue features may or may not be masked or reduced by the atmospheric effects. By comparing
the classification performances between the two data sets with various sets of bands, both the usefulness of atmospheric adjustment for

AVIRIS data and effective band set for the classification were tested. Lastly, a broad band TM data set was created by
integrating spectral AVIRIS values to the real TM spectral responses. The classification performance of AVIRIS data with the
selected AVIRIS band set were compared to that of the simulated TM data with corresponding TM bands to see if TM data alone are
enough for delineating differences in crop residues.

DATA SOURCES AND METHODS

AVIRIS data were obtained on 12 June 1992 over Tippecanoe County, Indiana. A small study site was used for this study
because of intensive computation and limited ground observation data. Thus, there were 2825 training pixels based on the amounts
and types of crop residues and soil backgrounds for the comparisons of relative performances of different data sets.

There are two general classes of crop residues, one for clean tillage fields that have almost 0 % to less than 7 % residue cover
and the other for no-till or minimum tillage fields that may have more than 45 % residue cover. These classes could be subgrouped
into a smaller group such as com and bean residues in terms of residue types. Three different soil classes were selected by taking into
account both field locations and soil series (Table 1). Consequently, six classes were used for the classification of crop residue types
and amounts on different soil backgrounds. Although the main soil series of selected training areas look similar to each other, there
could be great spatial variations from field to field. Detailed information of selected training fields is listed in Table 2.

Atmospheric effects were adjusted using the ATREM program which is designed for retrieving "scaled surface reflectance"
from AVIRIS. This method uses an approximate atmospheric radiative transfer modeling technique (CSES and CIRES 1992).
Hoffbeck and Landgrebe (1994) used this program for studying the effect of radiance-to-reflectance transformation on maximum
likelihood classification accuracy since this is not an affine transformation. To run this program, such input parameters as date, time,
latitude, longitude, original AVIRIS, and optical depth were used. Detailed information and descriptions of parameters may be
obtained from the User’s Guide of ATREM (1992). AVIRIS data adjusted for atmospheric effects were rescaled to avoid negative
values for the classification with the maximum likelihood classifier.



Simulated TM data derived from narrow AVIRIS bands were created using LANDSAT-5 spectral response characteristics
(Zhuang, 1994; Markham and Baker, 1985). TM spectral response values were obtained through linear interpolation at the AVIRIS
wavelengths and used as weighting coefficients to lump the AVIRIS data. The weighting process for each band was defined as
follows:

where
• k=1,2,3,4,5, and 6, the sequential channel index for the simulated TM data. Note, band 6 indicates the middle

infrared.
• Cs(k) refers to a simulated TM channel.
• NA(k) is the number of AVIRIS bands falling into k-th TM spectral channel.
• ATM(i) is an interpolated value from the TM spectral response data for the i-th AVIRIS band in the k-th TM

spectral channel.
• CA(i) refers to the i-th AVIRIS spectral band to be weighted.

The following classification criteria were considered simultaneously for evaluating the performances of the maximum
likelihood classifier. One of the easiest ways of checking the overall performance of the classifier is to use the overall accuracy
computed by dividing the sum of the elements along the major diagonal in the error matrix by the total number of pixels used. A
second is to check the probability map obtained by gray coding the Mahalanobis distance of each pixel for the class to which it was
classified for showing how representative the estimated parameters were. Lastly, the classified thematic map is needed for the
comparison with the ground observations. This should be a very important aspect of the classification particularly when you rely
solely on the statistical methods with hyperspectral data since the small number of training samples may not be enough to estimate a
reliable covariance matrix. Besides, it is not always possible to have highly separable spectral classes for the information classes
desired if the spectral classes are very similar.

Data analysis was done with MultiSpec which is a multispectral image data analysis software package developed at the
Laboratory for Applications of Remote Sensing (LARS), Purdue University.

RESULTS AND DISCUSSION

With the same pixel chosen from the representative green vegetation area of the three different data sets, spectral
characteristics were compared to each other (Fig. 1). Distinct spectral features of green vegetation can be found in the adjusted
AVIRIS data. For the classification, 29 bands out of 220 were selected with a prior knowledge of crop residue features from the
mid-infrared region. For searching a best band set for effective classification of crop residue, other band sets were experimentally
attempted with 29 bands from each representative spectral region of the electromagnetic radiation such as visible, near infrared, and
middle infrared (Table 3).



Empirical feature selection with a prior knowledge can reduce the time and disk space needed for statistical feature
selection/extraction significantly and correlate biophysical properties with selected bands. These band sets are selected based on the
fact that AVIRIS spectral variation is greater in visible and near infrared regions and lower in the middle infrared.

Most of spectral variation due to the differences of magnitude and slope can be found in the visible and near infrared
although spectral variation between corn residue and light color soil is still small even in this region (Fig. 2). Therefore, one might be
able to achieve a better discrimination between crop residues and soils using visible and near infrared data. A field with a certain
amount of crop residues may have more multiple scatterings than bare soil and lead to a higher reflectance in the near infrared.



The results of classification performances with the maximum likelihood and the minimum Euclidean distance classifiers
between AVIRIS and adjusted AVIRIS data sets were summarized in Figure 3. The performance with the maximum likelihood
classifier showed the lowest accuracy (77 %) in the original AVIRIS data for the LC band set. Highest performances were shown in
VIS (86 %) and NIR (83 %). An intermediate result was represented with VISIR (81 %). An examination of the classified thematic
map revealed that there were quite a few misclassified pixels between light color soil and com residue classes when visible bands were
employed (VIS and VISIR).



Performance results with adjusted AVIRIS data showed slightly lower but not much different from those of the original
AVIRIS except for the NIR band set. Performances were significantly reduced to 71 % when NIR bands were used. These differences
were studied more closely by comparing the results of a minimum distance classification (Euclidean distance). For this case, the
classification accuracy was very low but nearly identical (36 %) even in the NIR band set for the original and adjusted data. Therefore,
the second order statistics, the covariance, was very important when the maximum likelihood classifier was used. The bands for this
NIR set were highly correlated (> 0.97). The changes caused by the ATREM program appear to have been enough to reduce the
information provided by the covariance. This result may be affected by the adjustment of the multiple scattering effects of crop
residue fields by the ATREM, and the discriminable information in the near infrared could be lost.

Based on the above results, a simulated TM data set, corresponding to TM bands, 3, 4, and 5 was used to classify the data.
The results for simulated TM data showed not only a much lower overall accuracy of 72 % but also a lower probability of correct
classification when one compares the probability map with that for the AVIRIS data (Fig. 4). In a probability map, dark pixels are the
ones that are classified with low conditional probabilities and light pixels are the ones that are classified with high conditional
probabilities.

In addition, there were lots of misclassified pixels between com residue and light color soil classes since a broad band created
by the weighting (averaging) process may decrease any spectral variation between them. Therefore, this study indicates that real TM
data having broad spectral and spatial resolution does not provide sufficient discriminability for the detection and classification of crop
residue on soils having a wide variation from light to dark.

CONCLUSIONS AND RECOMMENDATIONS

The results demonstrate the usefulness of hyperspectral data for the classification of crop residues, particularly in the near
infrared spectrum. Near infrared as well as the middle infrared bands should be considered. It is known that the middle infrared has a
biophysical basis for spectral discrimination. In this study, however the poor classification results with middle infrared is probably a
result of the low radiometric quality (poor signal-to-noise) of the 1992 version of AVIRIS. If this is the case, the instrument
constraints may account for the poor performance of the middle IR bands. One approach to determining the effect of the poor
radiometric quality of 1992 would be to analyze AVIRIS data obtained over the same site with the more recent and much improved
version of AVIRIS.

Since the land surface of the study area is very flat and relatively small, one would not expect any significant variation in
atmospheric effects on the spectral measurements. In this study, the adjustment for atmospheric effects was not helpful for the
classification of the spectral data. The adjustment may have added to more than it reduced noise. However, the adjustment might be
useful for labeling training samples and matching spectra. It might also improve classification results over large areas with much more
severe terrain.

This study has provided fresh insight into the quantity and quality of ground observation data required for quantizing
relationships between hyperspectral data and variations (physical, chemical, biological) in the surface conditions in the field. Ground
observations need to be done on a sufficiently intense basis, rather than a field by field basis, to account for the complexities of
spectral variability of the field surface in hyperspectral data.

To confirm and/or strengthen the conclusions of this research, it is recommended that the following research issues be
addressed in the future:



1. Obtain and analyze data from the current AVIRIS sensor with greatly improved signal-to-noise for the entire spectrum and
obtained over the same or similar study site at the optimal time for observing soil patterns and crop residue variations; in support of
the analysis of AVIRIS data, obtain a statistically adequate set of detailed ground observation data which are representative of the
range of soil color and variation in quantity and quality of crop residue in the area of study.

2. Link the study of the use of hyperspectral remote sensing for sequential characterization of field surface conditions and
monitoring changes of these conditions with relevant data from large crop production units; these relevant data from farmers
practicing precision farming methods may include georeferenced soil tests results, variations in crop yields within a field, and other
observed/measured variations (soil maps, fertilizer, pesticide applications) in the landscape.

3. Design and implement a laboratory/field study in which hyperspectral data may be obtained of simulated field surfaces
representing soils with a wide range of spectral properties and crop residue of common crops (corn, soybean, wheat) covering the soil
surface from 0 to 100 %. This study can contribute much to our theoretical knowledge of spectral properties of complex ranges of crop
residues (both fresh and of different degree of weathering), soils and a range of mixtures of the two.
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THE USE OF AVHRR AND GIS TECHNIQUES FOR IDENTIFYING AGROECOLOGY
POTENTIAL IN ZIMBABWE
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ABSTRACT

The agroecology regions of Zimbabwe were established in 1960 as an agricultural development planning and management
tool. This project focused on the idea that by using the mean NDVI information from multiple years of AVHRR imagery that a
categorization/classification into potential agroecology areas could be developed. This research focuses on identifying the critical
environmental variables necessary to categorize Zimbabwe, not into regions, but areas of agroecology potential, integrating
environmental factors, crop and livestock production. The critical environmental variables can be broadly categorized as consisting of:
soils, geology, vegetation, meteorology, hydrology, topography, and human use. Because of the complexity and comprehensiveness of
the project, it is divided into three stages. The first stage consists of selecting a pilot area to test the procedures and identify the
specific variables and capturing each of them. The second stage consists of converting and transforming the identified variable into the
appropriate format. This stage consists of: 1.) converting tabular data into digital attribute data; 2.) mathematically creating
appropriate variables; 3.) digitizing boundaries of known mapped variables; 4.) transforming several satellite images into new images;
and, 5.) integrating data, polygons, and imagery at different scales into the agroecology potential model. The final stage of the project
consists of taking the model and applying it to the test area. The large amount of data, the varied formats and scales, and the ability to
model would be almost possible without GIS and remote sensing techniques and tools. Because the original agroecology regions were
determined by only a limited number of variables, they did not realize the full potential of the region. By applying the full range of
analytical techniques available in GIS and remote sensing, new questions for management for potential can be asked which can
prepare Zimbabwe for the 21st Century.

INTRODUCTION

In an early attempt to determine the agricultural potential of Zimbabwe a partial agricultural survey was conducted . to
determine more accurately the agricultural potential of Southern Rhodesia [Zimbabwe], to outline and classify regions differing
according to the natural limiting factors of climate and soil." (Staples and Murray, 195 1). This project was the precursor and
foundation for the more comprehensive (in size) study completed in 1961 by Vincent and Thomas. However, as they explained they
limited their research to the "...conditioned by one or a few dominant natural characteristics. The natural characteristic dominant
throughout Southern Rhodesia [Zimbabwe] is rainfall..." (Vincent and Thomas, 1961, 3).

In their research Vincent and Thomas identified five natural regions, but when they are examined for agriculural purposes
they are refereed to as agroecology regions. The regions are defined as:

Region I- Specialized and Diversified Farming
More than 1000mm of precipitation per annum in areas below 1,700m elevation and more than 900mm per annum at greater
than 1,700m elevation. Approximately 7,000 sq. kin or less than 2% of Zimbabwe.

Region II-Intensive Farming
Between 750-1000mm of precipitation per annum with parts experiencing relatively short rainy seasons or dry spell during
the season. Approximately 58,600 sq. km. or 15% of Zimbabwe.

Region III-Semi-Intensive Farming
An area in which precipitation is between 650-800mm per annum with fairly sever mid-season dry spell. Approximately
72,900 sq. km. or 19% of Zimbabwe.

Region IV-Semi-Extensive Farming
An area receiving between 450-650 mm per annum which experiences periodic seasonal drought and severe dry spells during
the rainy season. Approximately 147,800 sq. km. or 38% of Zimbabwe.

Region V-Extensive Farming
Portions of Zimbabwe which receive less than 450 mm of precipitation per annum, accounting for an area of approximately
104,400 sq. km. or 27% of Zimbabwe (CSO, 1989)

As Map 1 illustrates, the regions have a tendency to originate in the east-north-east highlands and progress west and
southerly. Which, of course, is the same trend for precipitation, the dominant factor as defined by the Vincent and Thomas. However,



in the earlier study by Staples and Murray, they attempted to integrate soils into the agroecology of Zimbabwe. This was also a factor
investigated but not incorporated into the Vincent and Thomas regionalization. Unfortunately, not a factor among many others that
could have been examined to better define agroecology potential.

AGROECOLOGY

A wide range of studies have been completed to characterize areas to be defined as agroecology regions. The regional
concept is defined as an area with similar characteristics, or with one or more features present throughout the area and absent or
unimportant (or much diminished) beyond the area (Birdsall and Florin, 1992). So the keys to agroecology regionalization are to
define what factors are relevant and to know their spatial extent. Several studies have been completed to define agroecology factors.
As cited previously, Staples and Murray examined not only precipitation but also the soils in their attempt to determine agroecology
potential.

Further, Vincent and Thomas incorporated precipitation in their definition but in their project mention soils, along with land
use, physiography, and vegetation. In his 1959 study of agriculture and ecology of Africa, Phillips’ used the "ecological basis" of
relating agricultural production with the associated climate, plant communities and physio-chemical properties. A major examination
of agroecology was conducted by the FAO in the mid-1980s (Bunting, 1986). In this report not only what factors, but how the data is
collected, stored and analyzed was presented. They presented the data, not as individual factors, but to examine the different systems
of climate, soils and physiography (Oldeman, 1986). In this way numerous factors could be investigated depending on their
significance within each system and in interaction. For instance, climate could be examined by the factors of ; rainfall, radiation,
temperature, wind, humidity, potential evapotranspiration and barometric pressure. These can than be collected in differing time
scales, hourly, daily, weekly, dekadal, monthly or yearly. Further, the spatial scale is critical because this can determine the accuracy
of distribution (Jones, 1986). For soils, the time period is not critical but the depth as it is characterized by texture, soil moisture,
structure, productivity, and the physiographic influence of slope (Oldeman, 1986). Thus, in the overall definition of an agroecology
region, the systems of vegetation, soils, and physiography have to be considered with the corresponding appropriate factors within
each system. All of this limited by the time and spatial dimension and the availability of the data. One dimension or system that should
also be considered is the human. This can be described through the land use, population characteristics or impacts on the landscape.

Problem

This project is an attempt to define the agroecology potential of Zimbabwe. It is realized that by regionalizing an area, it does
not consider or it broadly categorizes the different landscape characteristics. Unlike precipitation, humidity, and the other continuous
spatial factors, there are a number of discrete spatial factors, e.g. soils, geology, water surfaces, etc., that contribute to uniqueness on
the landscape. To incorporate the uniqueness aspect into the agroecology, this study is not investigating regions, but the agroecology
potential of spatial units on the landscape. Each unit is evaluated as a separate spatial entity based on the factors expressed by the
above mentioned agroecology systems.

Hypothesis

According to Makin and Innes (1986), vegetation data is the critical factor in determining agroecology potential in areas with
limited information about the three different systems. It is assumed that the natural vegetation is the expression of climate, soils and
physiography. Assuming this is correct, and that one method of determining vegetation is through its solar reflectance and its capture
by Earth orbiting satellites. Then it would be possible to predict agroecology potential from some sort of satellite-based vegetation
index. To examine this logic, this study will analyze the agroecology potential of northeastern Zimbabwe based on the agroecology
systems that influence the vegetation index of the area.

Methodology

The project is divided into three stages: Stage la) identify the specific factors needed to complete the study; Stage I b) select a
study area that maximizes potential data collection problems and has a varied landscape; Stage 2) collect, modify and convert the
identified factors into the correct format for digital processing; and, Stage 3) develop the agroecology potential model and applying it
to the study area.

Stage 1. Based on the identification of the four major systems, the factors relevant to each was determined. This list of
factors numbered over 40 different variables. Unfortunately, not all of the variables are available, or they are available but not at a
spatial or time scale that would be beneficial to this project. Thus, the list of factors includes the following: precipitation, potential
evapotranspiration, water balance, soil pH, soil cation exchange capacity, geology CaO, elevation, slope, erosion rate, population
density, water density and plant community. In addition, the NDVI from AVHRR imagery accumulated from 1981-1991 is included.
It is this value that will be employed as the direct indicator of vegetation, or in this case biomass.



The study area selected for this project is the Mutoko region in northeastern Zimbabwe. This region contains all five natural
regions, has a mixture of soil and geology types, includes portions of the Highlands, Mazoe basin, and influence of the Zambezi
plains. This region also is the home area for 21 communal land tracts, has both large- and small-scale commercial farms and includes
parts of several national parks. This gives the region a natural disparity in land use based on differing landownership characteristics.
The overall region is approximately 18,700 sq. km. (Map 1).

Stage 2. Though a large number of factors were identified, a major problem is finding the data. In Zimbabwe, data collection
is not a high priority for the newly formed Government. If the data does exist a difficulty is collecting data at the appropriate scale,
both spatially and timely. This is coupled by the fact that the data may or may not be in a workable format. Two different types of
conversions had to be completed. Tabular data has to be collected and entered into the computer. Or, if it is mapped data, the
digitizing of manuscript maps has to be completed. The soil and weather data is not digital and is available in manuscript form for
individual sample plots or weather stations. The workable soils data for the region totalled 41 sample sites, while the weather stations
total only 91 for the whole country. The geologic information had to be captured from survey reports, which does not cover the entire
study area, so a hierarchical system was created to utilize data at two different scales, 1: 1,000,000 and 1: 100,000. The same
procedure was employed for vegetation, a national map was used along with several reports that covered only a portion of the study
area. Topography and slope were created from 700 sample control points from the 28 existing topographic maps at a scale of 1:50,000.
Soil erosion information was taken from the study by Whitlow (1988) and mapped at 1:5,000,000. And finally, hydrologic density was
calculated by the number of permanent streams, lakes, reservoirs, ponds per 1 sq. km.

The longer period of time that you have captured satellite imagery, a more accurate accumulated image will depict the
landscape. Instead of trying to employ just one image, it is believed that averaging over a long period of time the averaged image will
display the most typical landscape. Because the NDVI from AVHRR data is influenced significantly by precipitation, to eliminate the
flux an average value is more useful in determining agroecology potential. The AVHRR images from the FAO-ARTEMIS project
include dekade imagery from 1981 through 1991. The dekade images were averaged into one annual average image for the study area.
Because of the resolution of the images (7.6km x 7.6km) it had to be resampled into a smaller pixel format (1km x 1km) (Map 2.).

Overall, all data was transformed into a 1km grid cell for the entire study area. The data transformations were either gridded
from the original base maps, interpolated from the control points, or resampled from maps or data from a larger grid cell size. The
1km cell size was determined to be useful as the base grid size for ultimate planning purposes. Unfortunately, data at the larger cell
size has to be resampled, yet data at the more detailed level can be aggregated to this grid size (Antenucci, 1979; Dudding, 1981;
Brinkman and Stein, 1986; and Raffy, 1994).

Stage III The model for agroecology potential is based on the fact that the five natural regions have been in use for 35 years
in Government agricultural planning. To change from this number would not probably be politically correct. Thus, the model utilizes
the same categorical names and numbers but employs them in constructing the potential per unit area. A series of discriminant
functions were developed that identified the distinct potentials as the production of a NDVI-value based on the factors. The functions
were than applied to each cell and determined its corresponding probability of being consist with the potential/actual NDVI value.

ANALYSIS

The employment of discriminant analysis allows the researcher the ability to create a regionalization or to categorize the
information according to the parameters of the functions. In this research it is used to categorize the cell into one of six agroecology
potentials. In their analysis of natural regions, Vincent and Thomas realized that region II, Intensive Farming Region, should be
subdivided into two subareas, region IIA and region IIB. Region IIA experiences dry spells during the rainy season, while region IIB
is subject to more severe dry spells during the rainy season. Thus, the formation of not five agroecology categories but six.

The original agroecology regions (Map 1) had specific characteristics that can be depicted in their NDVI index. From these
initial NDVI-values and regionalization the discriminant functions were developed, a function for each region. In the analysis the
values for each factor from each cell are substituted and the probability of each cell into one of the six categories calculated, and the
cell assigned to a category (based on a >.5 probability level). Table 1. lists the difference in NDVI-values for the six categories based
on its a priori region and its predicted category. As can be observed from the table, there are slight differences between the category
mean and standard deviation NDVI-values. To test for differences, a F-test was conducted between the groupings at .001. Four of  the
six (2, 3, 5, 6) categories showed a significant difference in NDVI-value between the a priori NDVI-value and the discriminant
function NDVI-value. This difference can be explained by the change in the number of cells in each category and the variation in their
distribution (Table 2. and Map 3.). Table 3. lists the classification results based on the discriminant functions. The overall correctly
classified cells came to 69.26%. The lowest predicted percent was in category 5 (64.7%) and the highest in category 1 (93.7%). This
illustrates the predictive capability of the functions for the study area. However, because of several factors missing that relate to soil
moisture and human influence the predictive capabilities could be improved.



CONCLUSIONS

The literature has identified a number of factors that are related to agroecology potential. Some of the factors have been
utilized in this preliminary project to predict the agroecology potential as it relates to NDVI-values. As the predictive power of the
discriminant function demonstrates, these techniques have a strong potential for predicting NDVI-values. Problems with data
collection, data transformation, and spatial resolution have lessened the ability to develop a more comprehensive model for
agroecology potential. Further, questions of cumulative data accuracy with each change in scale have to be addressed. As these
problems are resolved and the study expands to Zimbabwe, it appears that the techniques employed in this project will be beneficial.
Once the predictive models have been tested for the entire country, the next step in the process will be to equate specific types of
agricultural production with the NDVI-values. As the original regionalization stated, some areas will be in crop production, others in
more livestock production. The utilization of a range of environmental factors will more accurately predict which combinations of
production will serve the citizens. It is this type of prediction and ultimate planning that will assist Zimbabwe’s development into the 2
1st Century.
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LONG-TERM MONITORING OF CHANGES IN SENEGAL’S NATURAL RESOURCES

G. Gray Tappan and Eric C. Wood
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ABSTRACT

During recent decades there has been increasing evidence of dramatic degradation of Senegal’s natural resources. Buffeted by
drought, economic hardship, a breakdown of traditional grazing systems, and rapid population growth, Senegal’s resources are under
severe pressure. To monitor and better understand these changes, the EROS Data Center of the U.S. Geological Survey, in
collaboration with partners in Senegal, developed a long-term monitoring framework. The framework is being used to assess
long-term biophysical changes and examine the cause-and-effect relationships between resource conditions and human activity. The
framework relies on a three-tiered approach using 10-year repeat visits to hundreds of ground sites, repetitive aerial videography, and
time-series Landsat satellite data. Comparisons of present conditions to a geographic data base on vegetation, soils and land use
practices from the early 1970’s and 1980’s has resulted in a clearer picture of the nature and magnitude of change. The open, semiarid
savannas and wooded savannas in northern and central Senegal have experienced reductions in woody cover and biodiversity. Areas
adjacent to water sources and permanent human settlements have been particularly degraded. The more wooded regions of central and
southern Senegal are being modified by charcoal production and land conversion to rainfed agriculture at unprecedented rates, while
drought has played a relatively minor role. The driving forces of change are complex, but the human dimension is generally the
primary cause. Results from the long-term monitoring framework will help Senegal’s policyrnakers formulate sound natural resource
management plans.

1. INTRODUCTION

1. 1 The Need for Environmental Monitorin

In much of sub-Saharan Africa, the use of arable land is increasing as human population increases. The rising demands for
food and economic growth driven by the growing population are placing unprecedented pressures on natural resources. Yet,
sustainable food production is based on the state and availability of the resource base. Never before has there been a more acute need
to protect agriculturally productive lands, as well as lands currently outside of agriculture -diverse forests, grasslands used for grazing,
wetlands, and other natural areas.

Senegal has not been spared from the human and environmental challenges facing Africa. Buffeted by drought, economic
hardship, and rapid population growth, Senegal’s ecosystems are coming under increasing pressure. There is evidence of rapid change,
often resulting in the impoverishment or depletion of resources. Yet, awareness in Senegal is growing that preserving and maintaining
natural resources are fundamental to human well-being. In the long term, maintenance must be achieved through better management
of natural resources.

Sustainable income and productivity are closely dependent on Senegal’s natural resources. Monitoring must be an integral
part of the country’s resource management and planning. An underlying assumption is that reliable and up-to-date information will
lead to better policies on environmental management. Monitoring resource conditions over the long term can be used not only to
document environmental problems, but also to show cases where people are making progress toward sound resource use and
management. It is critical that these problems and lessons be captured and promoted among the country’s primary resource managers -
its rural people.

1.2 The Goal: A Long-term Monitoring Framework

The EROS Data Center (EDC) of the U.S. Geological Survey and the U.S. Agency for International Development’s mission
in Senegal are undertaking a pilot effort to develop a long-term monitoring framework for understanding the rapid changes in
Senegal’s environment. The goal of the project is to develop, test, and institutionalize a framework for monitoring natural and
agricultural resources over long periods of time. The monitoring framework, now in development, will provide a better understanding
of the long-term changes in Senegal’s natural and agricultural resources. This is a key to understanding the processes of change and to
develop policies to protect the resources and promote economic growth. The framework will track biophysical resource changes, as
well as farming and natural resource management practices, and help understand the causal relationships between resource conditions
and human activity. It will take a three-tiered approach using the combined strengths of (a) ground-site investigations, (b) repetitive
airborne videography, and (c) high-resolution satellite remote sensing for detailed mapping and measuring areas of change.
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2. METHODOLOGY AND PRELIMINARY RESULTS

This section summarizes the three-tiered approach being developed for the environmental monitoring framework. Examples
of each monitoring level and preliminary results follow.

2.1 Monitoring at Ground Sites

Nearly 600 ground sites (fig. 1a) were established between 1982 and 1984 as part of a USAID project in collaboration with
the Direction de l’Amenagement du Territoire (Stancioff, Staljanssens and Tappan, 1986). The project’s objective was to conduct an
integrated inventory of natural and agricultural resources for Senegal’s National Plan for Land Use and Development (PNAT). The
ground sites were locations for verifying the land use and vegetation cover maps needed for PNAT. They were not intended to be
permanent sites for long-term monitoring, but the wealth of data collected make them ideal for assessing resource changes smice the
early 1980’s. Furthermore, they are distributed nationally, occurring in every arrondissement. They initially were chosen to be
representative of land use and vegetation resource map units, which were delineated from Landsat image data prior to the field work.
The sites were not established as well-defined plots, but rather as areas (varying from 4 to 8 hectares) representing the general
ecological and land use conditions of the surrounding area. They now serve to establish permanent, nationally distributed sites that are
representative of the diversity of land cover and land use practices found throughout Senegal.

A multidisciplinary team of scientists from the EDC and Senegal’s Centre de Suivi Ecologique (CSE), and consulting
scientists are revisiting the ground sites. The scientists are documenting natural and anthropogenic changes over a 10-year period
(Tappan et al., 1994). By mid- 1996, about 300 of the 600 sites were revisited. The team has preliminary evidence of diminishing
plant diversity in certain ecological regions, and biological stability in others. The team is collecting evidence on the impact on
biodiversity from both natural climatic changes and anthropogenic pressures. Early results show the distinctive signatures of climate
and humans on vegetation. In addition, both positive and negative effects of certain land uses and practices on natural resources are
being documented.

The original data base on each site contains site location information, general geomorphology, land use, and detailed data on
vegetation structure, formation, and floral composition. The landscape was photographed. In the dry seasons of 1994-96 , the field
team visited original ground sites in most regions of Senegal. This approach gave a preliminary overview of resource conditions at a
national scale.

Following are photographic evidence and a brief discussion of the team’s findings at selected ground sites from three
ecological-geographic regions of Senegal. The ecoregions were established for PNAT (DAT, 1984). This geographic stratification was
established from a combination of biophysical and anthropogenic elements. Figure 1b presents the ecoregions of Senegal. The team
revisited a number of sites in the West-Central Agricultural Region (defined by DAT, 1984). This agricultural region includes the
Peanut Basin, with its high rural population and intensive cultivation practices, and the more recently colonized agricultural lands to
the south and east. Nearly two centuries of peanut cultivation and a high rural population have contributed to the general degradation
of this zone’s sandy soils. Furthermore, the original woodland that once covered the area has been replaced by an anthropogenic  tree
parkland, dominated by Acacia albida (’kad’)2 and Acacia raddiana (’seng’). Preliminary evidence from six sites, however, shows that
the vegetation cover and floral diversity have been quite stable since the early 1980’s. In five of six sites, the tree cover was well
preserved by farmers. At several sites, the tree cover was denser than in 1983.

A site near Pekes was typical of the stability observed at most sites in the northern and central part of the West-Central
Agricultural Region. A comparison of the photographic record (figs. 2a and 2b) between 1983 and 1994 shows that nearly every tree
(Acacia albida is dominant) remains standing, and the tree crowns have increased as they matured. A comparison of the list of woody
species between 1983 and 1994 also reflects the site’s stability. In 1983 the team found five tree and five shrub/small tree species. In
1994 the team found the same five tree species and seven shrub/small tree species. The increase in species diversity was attributed to a
high level of natural regeneration of seedlings with partial protection by farmers.

The southern part of the West-Central Agricultural Region appears to be less stable than the northern part. There is evidence
of slow degradation of the tree parkland with a trend toward "Sahelization," punctuated with encouraging examples of stability and
good regeneration potential. Despite local examples of regeneration, though, there is evidence of loss of diversity of trees in the
parkland. Most of the young seedlings were of Sahelian and Sabelo-Sudanian affinity, while many of the Sudano-Sahelian and
Sudanian zone species are not being replaced. The relic trees that are disappearing include: Celtis integrifiblia (’mbul’), Ficus ssp.,
Terminalia macroptera (’wolo’), Diospyros mespiliformis (’alom’), Detarium senegalensis (‘ditah'), Lonchocarpus laxiflorus, and
Stereospermum kunthianum ('et it dema'). Considering the multiple uses of these trees by the rural population, this is a serious loss.
For example, at a site 3 km west of Kaffrine (figs. 3a and 3b), there was a notable loss of trees. At this site, farmers systematically
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cleared fields of shrubs and small trees to facilitate animal traction. The regeneration level of shrubs and trees was quite poor, as seen
in figure 3b.

The signs of degradation were much more noticeable than in the central part of this ecoregion. Among the observations were:

- expansion of cultivated areas onto marginal soils of the lateritic plateaux (in the east)

- significant thinning of the tree parkland

- loss of floral diversity among field trees

- continued removal of stumps and trees from fields to facilitate animal traction

- increased exposure of bare soils to wind and water erosion

- decline in the extent of the peanut crop, related in part to a shortage of seed

- decrease in 5-8 year fallow in favor of 1-2 year fallow

- few interventions to protect soil and vegetation resources

The predominance of peanut cultivation, with its practice of uprooting the entire plant at harvest, continues to expose the
highly susceptible soils to wind erosion. The team did not notice efforts to slow or prevent soil erosion. At some sites, the upper,
mobile layer of soil had blown away, exposing a hard, absolutely unproductive surface.

The discussion above is intended to illustrate the nature of preliminary findings of the team at just two of the many field sites
located throughout Senegal. The team revisited many other sites in the West-Central Agricultural Region, as well as in most other
ecoregions of Senegal. While it is not practical to present here the voluminous results from the many other site visits, several
additional examples of dramatic change and stability from the photographic archive are given for the Agricultural Expansion Region
(fig. 4), the Eastern Transition Region (fig. 5), and the Shield Region (fig. 6).

2.2 Natural Resource Monitoriniz with Aerial Videography

The second level of time-series data, aerial videography, was acquired from a low-flying, light aircraft. Aerial videography, a
relatively new tool for studying natural resources, is gaining recognition as a link between detailed ground studies and the remote
views from satellite sensors.

A mission to systematically collect aerial video images across Senegal was completed in October 1994. A joint effort of the
EDC, the CSE, and the U.S. Forest Service, the videography mission was not intended to provide blanket coverage of Senegal. Rather,
it was designed to provide regularly spaced coverage of all ecological regions on a sample basis. The flights were along north-south
lines at 20-kilometer intervals across Senegal and The Gambia. This resulted in a straightforward statistical design for a broad range of
analyses. Two 8mm video cameras were used simultaneously -- one for vertical views, one for oblique views. The nominal flying
altitude was 300 meters above sea level. Approximately 110 hours of video image data were collected along transects with a total
distance of more than 13,000 kilometers. The video imagery is georeferenced; latitude and longitude coordinates from a Global
Positioning System unit were included on each video frame. The video data will be archived permanently at CSE. Figures 7 and 8 are
examples of these video images.

2.3 Monitoring from Satellite Images

The third level in the monitoring framework relies on historical and current satellite images, derived from remote sensors on
the Landsat and SPOT earth observing satellites. While the ground-based and video-based monitoring approaches provide detailed
time-series information at points and along transects, satellite images provide the necessary blanket coverage of all ecoregions.
Technological advances in satellite systems for land resource mapping and monitoring over the last decade have increased image
resolution to allow natural resource mappmig at increasingly large scales. For example, the Landsat thematic mapper and the SPOT
systems yield images of sufficient detail for map making at the communaute rurale level, as well as at the national level.

Landsat multispectral scanner image data exist for Senegal back to 1972. Many changes can be observed, particularly
alterations in land use and vegetation cover. The long-term monitoring effort is comparing Landsat images from the early 1970’s to
images of the early 1990’s to detect and assess land resource changes and environmental problems.



3. CONCLUSION

The multilevel monitoring framework will provide a means to document long-term natural and agricultural resource changes.
Each level in the framework -ground, aerial, and satellite - consists of unique and complementary data that will give environmental
scientists insights into the nature, rates, and magnitudes of a rapidly changing environment. The monitoring approach will also help
identify the causes of many of the biophysical changes and identify problem areas like low agricultural productivity from degraded
soil. It will also document successful natural resource interventions like the stabilization of live sand dunes along the coastal zone.

The long-term monitoring method and the resulting data sets will be transferred to CSE in Dakar. The ultimate responsibility
for long-term monitoring must rest with Senegalese institutions.
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Fig. 2a and 2b - Photographic comparison of a site near Pekes (northern Peanut Basin) showing the stability of the acacia tree parkland
between 1983 and 1994. Virtually every tree remains standing, preserved by farmers. Millet stubble covers the fields. Fallow and
grazing lands have increased dramatically in this area. All comparative photo pairs in this paper represent the use of rephotography,
the technique of photographing landscapes over time from the same position or photo point. It will be used, when possible, at ground
sites throughout Senegal. Photo dates: 2a - January 27, 1983; 2b - January 26, 1994.

Fig. 3a and 3b - A 10 year comparison of conditions at a site west of Kaffrine (West-Central Agriculture Region). This site is typical
of the impact of animal traction. Farmers have systematically cleared their fields of stumps and small trees to facilitate animal traction.
Much of the woody resources have been lost, and the soils are exposed to wind erosion. Photo dates: 3a - March 16, 1983; 3b -
February 14, 1994.

Fig. 4a and 4b - A comparison of 11 years of change at a site near Pate Tiangaye (agricultural Expansion Region). The expansion of
area under cultivation has resulted in severe pressure on land resources and a decrease in the fallow period from 4 to 6 years (4a,
foreground) to I to 2 years (4b). The need for fuel wood and the clearing of fields for animal traction has sharply reduced the number
of field trees and diminished in biodiversity. Photo dates: 4a - May 24, 1983; 4b - February 14, 1994.

Fig. 5a and 5b - An 11 -year comparison of conditions in a Sudanian savanna woodland about 10 km north of Foret Classee de
Goudiri (Eastern Transition Zone). This site typifies the pressures of drought and tree cutting, resulting in significant thinning of the
woodland and loss of biodiversity. Photo dates: 5a - March 9, 1983; 5b - February 6, 1994.

Fig. 6a and 6b - A 10-year comparison of a site in a Sudanian savanna woodland on a lateritic plateau south of the Gue de Damantan,
Niokolo-koba National Park (Shield Region Figures 6a and 6b). This site is typical of the stability and good condition of plateau
woodlands in the Park, maintaining a high level of biodiversity. Dry conditions over the last 25 years have had a slight to moderate
impact on the woody cover, while human activity is limited to managed annual burning of the herbaceous understory. Photo dates: 6a
- April 19, 1984; 6b - February 9, 1994.

Fig. 7 - This frame depicts a small Fulbe (Fulani) settlement east of Lac de Guiers. The Fulbe are pastoralists. The dark tones adjacent
to the huts and three round corrals represent dense herbaceous cover, a result of the high organic content from animal manure.

Fig. 8 - Shifting sands from live coastal dunes constantly threaten adjacent cropland. Major efforts to stabilize dunes with perennial
trees (mainly Casuarina equisetifolia) have been very successful. Note the contrasting reforestation patterns. The video transects will
be reflown periodically to monitor lone-term land resource changes. Repeat flights should occur perhaps every 5 years.
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ABSTRACT

The temporal and spatial Markov models developed for characterizing land use/land cover change in south-central Senegal
served as an early stage in the development of models for forecasting land use/land cover change. The modeling effort is part of a
project carried out by the EROS Data Center and funded by the U.S. Geological Survey and the Senegal mission of the U.S. Agency
for International Development. The Markov model results were compared to results obtained using other spatial analysis techniques,
including join-count statistics and landscape metrics. Though landscape change appears not to be strictly Markovian, standard and
modified versions of both the temporal and spatial models have potential for defining simulation of land use/land cover change.

INTRODUCTION

The increasing rate of land use/land cover change is one the of the most important ecological issues in Africa (de Graf, 1993).
Because the majority of African countries have rural economies and depend heavily upon their natural resources (e.g., for food,
fuelwood, and commodity exports), degradation of those resources can result in rapid declines in standards of living.

This has been particularly apparent in the Sahelian countries. As population pressures, international economies, and
mechanized agriculture have become more prominent, Sahelian Afficans have been forced into land use practices that are often
inappropriate and result in degradation of soils and forests.

Landscape change also has an influence at regional and global scales. Deforestation, desertification, erosion, and many other
types of land cover change contribute directly to a loss in biodiversity and, very likely, global climate change. Reduced resource bases
can lead to regional food shortages, political instability, and the humanitarian concerns related to both.

Of particular importance are the types and degree of changes in the landscape, which must be determined before any causal
relationship can be postulated. Long-term monitoring of key indicators is a prerequisite to such a study, with attention paid to
physical, biological, and social phenomena (Wasson, 1987). Once the type and extent of land cover change has been determined,
modeling efforts can be started that describe it and forecast future change.

The following paper discusses the early stages in developing such a model. Specifically it describes the use of Markov
processes to characterize temporal and spatial changes in land use/land cover as part of a long-term environmental monitoring project
in the West Aftican country of Senegal.

BACKGROUND

The EROS Data Center (EDC) of the U.S. Geological Survey and the Senegal mission of the U.S. Agency for International
Development (USAID) have begun a pilot effort to develop a long-term environmental monitoring system. A major goal of the project
is to design, test, and institutionalize a framework for monitoring changes in Senegal’s natural and agricultural resource base.

As part of that effort, EDC is working with the Government of Senegal’s Ministry of the Environment and Protection of
Nature to determine the extent of land use/land cover change and the biophysical, social, economic, and political factors related to that
change; they are then developing models that both describe the existing changes and forecast future changes in land use/land cover.
Two key requirements of such models are that they be technically straightforward enough to be used by interested government
agencies and yet accurate enough to provide realistic simulations for policy makers.

A prerequisite for modeling land use/land cover change is the ability to characterize existing change both temporally and
spatially using empirical data. In order to develop such a characterization, the project staff chose Markov models. In the past, such
models have been used for urban land use/land cover change modeling (Bell, 1974; Bourne, 1976), forest and vegetation succession
modeling (Horn, 1975; van Hulst, 1979; Hall, 199 1), and, more recently, in modeling landscape change (Baker, 1989; Turner, 1990;
Flam and Turner, 1994; Boemer et al., 1996).

                                                          
1 Work performed under U.S. Geological Survey contract 1434-92-C-40004.



Markov models have substantial scientific appeal. They are mathematically compact, easily developed from observed data,
and serve as effective tools for simulation exercises. However, these models are not without their problems, which will be discussed
later.

Other studies have attempted to model land use/land cover change in the region. Perhaps the most well known effort in
Senegal is by Lake (1979). In this study, the author projected both forward and backward the extent of agricultural expansion from
1929 to 2004; the projections were based on land use/land cover data from 1954 to 1979. More recently, a model was developed by
Gilruth et al. (1995) to simulate the dynamics of shifting cultivation in the Guinea Highlands (Futa Djallon). Both studies provide
useful backdrops for present efforts.

STUDY AREA

The overall study area consists of four departments located in south-central Senegal (Kaffrine, Tambacounda, Kolda, and
Velingara). Though there are 30 departments in all of Senegal, these four are of particular interest because they have abundant natural
resources, fall within the zone of viable rainfed agriculture, and therefore are undergoing significant land use/land cover change. The
initial investigation was carried out in the department of Velingara (fig. 1) and is the focus of this paper.

The landscape of Velingara is a mosaic of upland dry Sudanian woodland, riparian or moist gallery forest in the fossil river
valleys, and clearings for agriculture, with no major urban centers. Most of the department, 66 percent, is in the Sud ’an woodland,
with 26 percent of the area in agricultural land use. Upland soils are shallow and typically lie over laterite. The average annual
precipitation ranges between 800 and 1,200 mm. The population of the department was estimated to be 127,068 in the 1988 census,
with a density of 28.6/km2, relatively low compared to many parts of Senegal.

The department faces numerous critical land use issues, including the effects of charcoal and fuelwood production,
cultivation of cash crops (peanuts and cotton), excessive burning, and agricultural expansion. The issue most related to absolute
change in land use/land cover in Velingara is the tradeoff between the need for keeping the land in woody cover and the need for
agricultural land. Agricultural expansion usually occurs at the expense of forested land in this department.

METHODS

Land use/land cover classifications were derived from Landsat multispectral scanner (MSS) images from 1973, 1978, and
1990. The resulting 15 classes were aggregated into 5 major classes (fig. 2). The resulting vector coverage was gridded at 80 meters to
echo MSS resolution. It should be noted, however, that parallel studies were carried out to determine the effects of different
resolutions on the Markov and landscape metrics.

A number of change datasets were developed by using post-classification differencing. The change data were then analyzed
using two modified Fortran programs, the temporal program from Harbaugh and Bonham-Carter (1970), and the spatial version from
Lin and Harbaugh (1984).

Markov Chain Models

The underlying tenet of a first-order Markov process is based on the probability that the system will be in a given state (land
class) at some time t2 , which is deduced from the knowledge of its state at time t1. Therefore, the probability does not depend on the
history of the system before time t1. When a Markov process moves from one time step to the next, the transition from one state to the
next only depends on the initial state and not on how the process has arrived in that state. In other words, history plays no role in the
future. (Parzen, 1962)

For the scope of this work, the Markov process will be considered to have discrete states in the form of five classes of land
cover and transitions occurring at discrete times. Also, a transition from one state to another can be thought of in either time or space,
in which space assumes the role of a discrete event or an individual pixel.

A Markov process is formally described by the transition probability function P(tx,t0), which gives the state of the system at
time t on the basis of the conditional probability that at time t0 (< t) the system is in state x. So the transition probability matrix
describes the specific character of the system where the elements of the matrix are the individual transition probabilities of one state
moving to another state after one time or space step. The transition matrix is:



The transition matrix is a powerful analytical tool in itself. It provides a method of probabilistically describing a succession
of events in space or time. (Harbaugh and Bonham-Carter, 1970)

Calculation of Transition Probabilities

Transition probabilities are calculated on the basis of the frequency distribution of the observations. Given the assigned land
cover classes, a frequency table is developed where a count is made of the transition from one state to another over the specified
increment. For example, a count is made of the number of times that forest land cover changes to agriculture for the whole scene from
one time period to the next or in space from one grid square to the next. This procedure is continued for all classes and increments that
have been collected. When completed, the frequency table in each row is summed, and the values in each matrix element or transition
state are divided by the row sums to compute the transition probability values (table 1). In each row, the probability values should sum
to 1.0. The diagonal of the transition probability represents the self-replacement probabilities, whereas the off-diagonal values indicate
the probability of change occurring from one state to another state or class. When each of the row totals are divided by the total
number of transitions, the marginal probability for each row or class is obtained. The individual marginal probabilities indicate the
relative proportion of each state or class at the starting point. Also if all the rows are identical to the marginal probabilities, the process
is independent and therefore non-Markov.

Markoy Model Assumptions

There are a number of assumptions that must be met if a Markov modeling approach is to be meaningful. Listed below are
three assumptions that should be considered, two of which are critical from a mathematical standpoint, whereas the third one needs to
be tested for but does not compromise the approach.

(1) independence/randomness
(2) stationarity/homogeneity
(3) order of the Markov process (Collins, 1975)

The inherent proposition of a Markov process is that there is some memory from one increment to the next but only from that
last state. Where no memory exists, the process is independent and not Markovian. A statistical test of independence can be applied to
test the null hypothesis. If the null hypothesis is accepted, then the process is independent. If it is rejected, then the process may form a
first-order Markov process. The test statistic is a log likelihood ratio criterion. The test statistic is:



RESULTS

Temporal Markov

The three matrices in table 1 represent the transition probability values. The null hypothesis for independence was rejected,
indicating that the process is Markovian. The probabilities at different steps do not, however, exhibit stationarity, and the log
likelihood ratio test for stationarity supports this conclusion through the acceptance of the null hypothesis. Intuitively, one can see this
from looking at the transitions probabilities in both the 1973-78 matrix and the 1978-90 matrix, which have not remained constant. For
example, the probabilities of agriculture in 1973 remaining in agriculture or transitioning into upland woodland in 1978 are 95 percent
and 5 percent, respectively. The same transitions for 1978 to 1990 are 74 percent and 24 percent respectively. Probabilities in the
1973-90 matrix resemble those of the 1978-90 matrix.

These results suggest that some influence was present after 1978 that altered the land use/land cover change transition
probabilities, though what that is has not been determined. It is possible that it is not entirely a land use phenomenon and that the
unequal length of the time steps influences the results. A 1985 image is being acquired and classified to add an additional step and to
standardize the step length.

The marginal probabilities help indicate the percentage of the landscape in each class at the beginning of the transition
period; i.e., in 1973 nearly 15 percent of the landscape was in agriculture, 76 percent in upland woodland, and 6 percent in
riparian/moist gallery forest. In 1990, those percentages had changed to 19 percent, 72 percent, and 6 percent respectively.

Some practical results are the actual land use/land cover changes for the key classes of agriculture, upland woodland, and
riparian/moist gallery forest. It is interesting to note that while 18 percent of upland woodland was converted to agriculture between
1973 and 1990, with 81 percent remaining the same, 25 percent of the land in agriculture was returned to woodland or scrub during
the same period, with 73 percent remaining the same.



Spatial Markov

One of the shortcomings of the temporal Markov approach is its inability to account for the spatial context of a grid cell or
patch in characterizing transition. Therefore, a spatial Markov approach was developed to determine if it better characterized change
in the system. The frequency of class-to-class transitions between the grid cells was tallied for each pair of adjacent cells using the
rook sampling pattern (neighbor).

The results show strong spatial autocorrelation, as indicated by the extremely high frequencies and probabilities in the
diagonals as opposed to the off-diagonals (table 2). By looking at the off-diagonals in the matrices, one can determine the predominate
adjacencies for each class. For example, there is notable adjacency between agriculture and upland woodland, but little between
agriculture and the riparian/moist gallery forest, which are in the fossil river valleys, though this conclusion is based on a very limited
sample for the latter.

These results, however, are obviously influenced by grain size. The effects of different grain sizes on the spatial Markov
transitions were calculated in order to better understand their influence. Resolutions beginning with 40 m and increasing in powers of
2 through 640 m, with an additional test at 1,080 m, were used to determine differences in the results of the transition probabilities.
There was no appreciable difference through 640 m. At 1,080 m, the transition to “same state" increased, but only by a few hundredths
percent, with a comparable decrease in the off-diagonals.

Join-Count Statistics

The data were processed using other spatial analysis techniques so that those results could be compared with the results of the
Markov models. One such technique, join-count statistics, measures the number and type of joins between adjacent polygons on a
map. The frequency of the joins yields information about clustering and spatial autocorrelation (Goodchild, 1986; Bonham-Carter,
1994). To further investigate the spatial influence of these transitions and to eliminate the problems of grain, researchers derived
join-count statistics for a vector coverage of the land use/land cover (table 3). Results were generated for the five aggregated classes.



Table 3 shows the transitions between classes, with their respective number of patches and probabilities. Expected joins are
the number expected if the distribution of patches was random. If the number of observed joins differs significantly from the expected
number, we have what amounts to a proximity index. For example, the transitions between agriculture and upland woodland are
significant, as indicated by the corresponding Z scores. A strong proximity or spatial adjacency exists between agriculture and upland
woodland. The join-counts indicate no significant relationship between agriculture and riparian/moist gallery forest. These results
generally reflect those obtained using the spatial Markov approach.

Landscape Metrics

Landscape metrics have been used by landscape ecologists to quantify attributes of spatial patterns (Flam. and Turner, 1994;
Wickham and Ritters, 1995). The landscape metrics for this study were derived using the program Fragstats (McGarigal and Marks,
1995).

Though this was just a preliminary examination, a few of the landscape metrics were of particular interest. The most notable
outcome was our ability to quantify increased fragmentation, as shown by the positive trend in the level of the number of patches and
edge density (ratio of edge to area) and the decrease in the mean patch size in both the landscape and individual class metrics (table 4).
There is utility in using these metrics for comparing different landscapes predicted by the modeling process. Additional work is
required to determine the relationship between these metrics and the results from the Markov models. The effect of gridding resolution
is also unclear, though Wickham and Ritters (1995) suggest there is little effect on the metrics in changing resolutions up to 80 meters.



DISCUSSION

This transition of land use/land cover to and from agricultural use is of particular interest (fig. 3). On the basis of data
collected from a rapid rural appraisal and other interviews conducted in the department by project staff, certain land use trends began
to surface. The farmers in Velingara are still maintaining traditional fallow periods of up to 6 or more years. Part of the shift in and out
of agriculture might be explained by this practice. The addition of a 1985 image should help to confirm this assertion. There is some
indication, however, that because forest is still abundant, farmers are clearing it for agricultural expansion rather than reusing fallowed
land. This is due to relatively higher soil fertility in forested areas (Freudenberger, 1996). There is also an indication that some
clearing is occurring in forest areas to maintain the appearance of ’les mettre en valeur" or ’~roductive use," a key requirement of the
Land Law to demonstrate one’s right to claim user privileges on that land. These are tenure issues that are key to policy makers and
managers in the region.

As mentioned, Markov models are mathematically compact, easy to implement with empirical data, and lend themselves well
to simulation. But, as to be expected, they have their weaknesses. They operate under fairly restrictive assumptions, such as
stationarity, and the temporal process does not account for spatial context. Results indicate that there has been notable change in the
study area and that the rate of this change has not remained constant, suggesting that landscape change is not strictly Markovian
(Turner, 1988). The temporal Markov models capture that aspect of the change well, but changes to the spatial Markov model are
necessary to make it as effective.

Both appear to have potential for the simulation of land use/and cover change. The bounds of the temporal and spatial
Markov results can be used to define simulations. Ideally, we will be able to capture the essence of the change through modeling based
on the Markov properties of the landscape. The actual implementation, however, may require modification of the transition probability
matrices. Defining this modification is the focus of future research.

FUTURE RESEARCH

In order to solve the problems with meeting the assumptions of the first-order Markov process, we are investigating Markov
variations, such as the semi-Markov model (Rogerson, 1978; Acevedo et al., 1995), which relaxes the stationarity assumption, or
multiple-order Markov models, which carry memory of the system beyond one step. Another variation is to start with these initial
matrices and modify them to increase their utility in using a suite of techniques. We are beginning to deal with the issue of spatial
influence and neighborhood effects. This will include investigation of spatial weighting and its role in developing the spatial transition
probability matrix. An attempt is being made to couple the temporal with the spatial models.

Finally, in an effort to assess the benefit of integrating socioeconomic and other categorical ancillary data, we are applying
logistic regression techniques. Results from this approach will be compared to those from the simple Markov and modified Markov
models. They will also be considered as input in the modification of the matrices.
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Abstract:

Studies were conducted by the U.S. Geological Survey to determine the relative importance of several different variables on
land cover classification results. The effects of using multiseasonal Landsat thematic mapper data (spring and summer), using
different classification algorithms (ISOCLASS and CLUSTER), and modifying the number of clusters (10, 20, 30, 40, 50, 60, 120,
240) were investigated. Digital orthophotographs were developed for selected study areas. Easily interpretable land cover features
were digitized onscreen from the orthophotographs and used as reference data for comparison with classification results. Using the
Pairwise Land Cover Separability Index (PLCSI) developed for this study, classification results were compared between selected pairs
of land cover features. Results from the study indicate that use of multiseasonal data increases the ability to discriminate between
some, but not all, land cover features. Spring data were found to be more effective than summer data for discriminating some features,
whereas summer data were more effective than spring data for others. However, classifications of a 14-band data set (combined spring
and summer) did not generally provide substantial improvements over classifications of the best single-season data set. Both
ISOCLASS and CLUSTER algorithms yielded comparable results for distinguishing land cover features. Depending on the land cover
features being compared, increasing the number of clusters tended to increase discrimination ability up to a point. After attaining a
particular threshold, usually below 60 clusters, only minimal gain in discrimination ability was observed by increasing the number of
clusters.

1. INTRODUCTION

Myriad disparate factors can affect the quality of land cover products derived from the classification of satellite imagery.
Potential influencing variables include the quality, type, and number of satellite data sets being classified, the temporal and spectral
aspects of the land cover units being assessed, the classification algorithms and input parameters used, whether or not ancillary data
are employed to refine classification results, the availability of accurate ground reference data, and a host of other factors. These
variables have led to the proliferation of different approaches and philosophies regarding how best to generate land cover data sets
from satellite imagery.

Currently, there is little consensus within the remote sensing community regarding the best method for classifying satellite
data. Because of the varied nature of the land surface being analyzed and the different levels of detail desired in the output products, it
is doubtful that a particular standardized classification approach will ever be totally acceptable to the entire land cover classification
community. Although it is not our purpose to generate such a standardized approach, we suspect that an inordinate amount of attention
is being spent on aspects that have relatively minor impacts on final land cover products. At the same time, it may be that not enough
attention is being spent on aspects that have major positive influences on final results. Much of this is largely conjecture, however, and
it is our premise that more objective and quantitative information is necessary to enable unambiguous evaluation of the relative
impacts of various factors on land cover results.

The overall objective of this study by the U.S. Geological Survey was to evaluate the influences of a few selected variables
on land cover classification results. Specific goals included providing information regarding the following: (1) How much does using
multiseasonal data (as opposed to using a single data set representing one date) improve the ability to discriminate among land cover
features? (2) Is it better to classify the different data sets separately, and then combine results, or is it better to merge the data sets, and
then classify? (3) Do high numbers of clusters substantially improve land cover results when using unsupervised approaches? (4) Does
one achieve major classification differences by using ISOCLASS as opposed to CLUSTER (k-means) algorithms?

A significant long-term goal of the research was to develop more efficient and effective methods for generating land cover
data sets across large areas, ranging in size from about 50,000 sq km (e.g., moderately sized watersheds) upward to millions of sq km
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(e.g., subcontinental regions). For this reason, we have chosen to omit testing some of the more time-consuming and laborious
methods that are suited to smaller area mapping efforts (e.g., supervised classification).

2. MATERIALS AND METHODS

2.1. Study Area

The region of study is an area in western South Dakota and Nebraska and southeastern Wyoming (fig. 1). This region is
covered by three Landsat thematic mapper (TM) scenes and encompasses approximately 150,000 sq km. The region is characterized
by various different types of landscapes, including short grass prairie (subjected to a range of grazing pressures from cattle), irrigated
and dryland (nonirrigated) agriculture, and sparsely vegetated "badlands." The primary agricultural crop in the dryland areas is winter
wheat; primary crops in the irrigated areas include corn, alfalfa, sugar beets, and pinto beans. Higher elevation regions are typically
covered with sparse to moderately dense conifer forests (primarily ponderosa pine [Pinus ponderosa Laws.] with some white spruce
[Picea glauca (Moench) Voss] at the more northerly sites). Quaking aspen (Populus tremuloides Michx.) is the dominant deciduous
tree species in these forests.

Seven 30- by 30-km intensive study sites were selected from the study region for this investigation. Sites were chosen to
represent a range of different kinds of landscapes; efforts were made so that all of the major types of landscape units occurring within
the three-TM-scene region were represented in these seven study sites. Areas selected include the following: (A) Southern Badlands
region in South Dakota, including range land, winter wheat, and extensive areas of bare to nearly bare ground; (B) Box Butte
Reservoir area in Nebraska, comprising mainly dry land agriculture and range land; (C) Short Grass Prairie region in southwest South
Dakota, comprising mostly open range land with many species of grasses; (D) Northern Black Hills, South Dakota, characterized by
moderately dense forests of ponderosa pine, white spruce, and quaking aspen; (E) Pine Ridge, Nebraska, consisting of savannah-like
ponderosa pine forests, dry land agriculture, and range land; (F) Short Grass Prairie in eastern Wyoming, comprising open range land
with sagebrush (Artemisia spp.); (G) Platte River agricultural area in Nebraska, containing extensive area of irrigated croplands.

2.2. Landsat TM Data Sets Used

The study region is covered by three Landsat TM scenes (path-rows: 33-29, 33-30, and 33-31). Good quality, cloud-free
spring (May 11, 1992) and late summer (August 15, 1992) data sets were acquired for the region (table 1). Data sets were referenced
to UTM coordinates and corrected for terrain-induced displacements. The seven study sites (each 1,000 by 1,000 pixels) were sub set
from both spring and summer data sets.

2.3. Reference Data Set Generation

Recent 1:40,000-scale National Aerial Photography Program (NAPP) photographs (two from each of six study sites) and one
1:58,000-scale National High Altitude Photography Program (NHAP) photograph (from the remaining study site) were scanned at 200
dots per inch (approximately a 5-m resolution pixel for NAPP photographs). Scanned photographs were orthorectified using 90-m
resolution digital elevation model (DEM) data resampled to 30 in and reprojected to Universal Transverse Mercator (UTM)



coordinates with Helava software (Helava Associates Incorporated, 1994) and then georeferenced to TM imagery. Standard
photogrammetric procedures (Wolf, 1983) were used throughout the orthorectification process. Land cover features that could readily
be recognized and delineated on the digital orthophotographs (table 2) were then digitized onscreen and rasterized using ERDAS
IMAGINE software.

In addition to reference data generated in-house, a digital forest stand map data set covering the Black Hills, S. Dak. study
site developed by the U.S. Forest Service was used. This data set, generated using low-altitude aerial photographs, was used for
differentiation of several different forest types (table 2) within the study area.

2.4. Classification Procedure

Classifications were run using Land Analysis System (LAS) software, developed jointly by staff at NASA’s Goddard Space
Flight Center and the U.S. Geological Survey’s EROS Data Center, on a SUN SPARC 20 workstation. Classifications were run using
three different sets of data: (1) A mosaic of all seven study sites using spring TM data using six bands (1, 2, 3, 4, 5, 7) and the
Normalized Difference Vegetation Index (NDVI) as a seventh "band"; (2) A mosaic of all seven study sites using summer TM data
using the same band combination; and (3) A mosaic of all study sites using both spring and summer data sets combined (i.e., all 14
bands). The NDVI was included in these classifications because ratio-based indices (e.g., NDVI) reduce the effect of topography
(illumination) in image data and can provide useful information that is not obvious in raw-band data.

Classifications were run using two different unsupervised algorithms, CLUSTER and ISOCLASS, for each of the three sets
of data described. The CLUSTER algorithm (Kelly and White, 1993; Benjamin et al., 1996) uses a k-means clustering, incorporates a
nearest neighbor algorithm to sort the clusters (Friedman et al., 1975) using the first principal component of the data, and selects a
Monte Carlo random sample of pixels during each iteration of clustering to develop cluster means and covariance matrices. The
ISOCLASS algorithm is the LAS implementation of the ISODATA clustering technique originally described by Ball and Hall (1965)
and is discussed more recently by VanderZee and Ehrlich (1995). This type of algorithm is commonly used for generating land cover
classifications from satellite imagery (e.g. Bauer et al., 1994; Loveland et al., 1991; Wolter et al., 1995) and is included in many
commonly used image processing software packages.

In this study, for each of the three data set mosaics used, and using both CLUSTER and ISOCLASS algorithms,
classifications were run using 10, 20, 30, 40, 50, 60, 120, and 240 clusters, resulting in a total of 48 separate classifications. For all
classifications run, 20 iterations were used. For CLUSTER classifications, the number of pixels sampled per iteration was 10 times the
number of clusters specified (the default in LAS), whereas all pixels were used for ISOCLASS iterations. For ISOCLASS, LAS
default parameters were used and minimum-distance decision rules were applied for assigning pixels to classes.



2.5. Estimates of Effectiveness of Classifications

The effectiveness of the various classifications for separating land cover features of interest was evaluated using the digital
orthophotograph-derived reference data sets (table 2). After the classification images were derived, individual masks were developed
representing the particular land cover features of interest from the reference data (table 2). These were then used to mask out pixels
within the classification images that were not spatially coincident with the reference data, resulting in each derived data set containing
a population of classes of pixels corresponding to a specific land cover feature. Statistics were then compared between populations of
classification pixels for selected pairs of land cover features of interest using the following equation:

where PLCSI is the Pairwise Land Cover Separability Index; ABS represents the absolute value of subtraction operations, a
is the percentage of pixels (excluding all masked pixels) of TM class i spatially coincident with a particular reference data set (e.g.,
pine); b is the percentage of pixels (excluding all masked pixels) of the same TM class i spatially coincident with a particular but
different reference data set (e.g., spruce). Potential PLCSI values range from 0 (no difference in the frequency distribution pattern of
classes of pixels between the two reference data sets, indicating that the classification does not distinguish between the two classes at
all) to 100 (no overlap in pixel classes between reference data sets, indicating maximum separation of land cover features by the
classification).



3. RESULTS AND DISCUSSION

3.1. Multitemporal Assessments

A comparison between spring and summer TM imagery using bands 5, 4, and 3 in the order of red, green, and blue (not
shown) indicates significant seasonal spectral differences for some study sites (e.g., Box Butte Reservoir, Black Hills, Pine Ridge,
Platte River). Relatively subtle differences characterize other sites (e.g., Badlands, South Dakota Prairie, Wyoming Prairie). In
general, the most obvious seasonal differences are noted within agricultural areas. Individual fields often show changes of white or
pink to green or vice versa in the images, depending on the crop type, irrigation pattern, and crop rotation cycle. In these images, the
green color characterizes dense green vegetation, whereas the pink to white colors characterize either very young and sparse crops,
recently harvested fields, or fallow cropland. Other spring/summer differences are located in areas of deciduous forest (e.g. brownish
color in the leaves-off spring imagery versus bright green in the leaves-on summer imagery for the Black Hills and in some riparian
areas (e.g., the vegetation surrounding the water body in Box Butte Reservoir). Inspection of the individual spring/summer pairs of
images provided strong clues regarding the importance of using two data sets rather than one for classifying a given land cover
feature.

Representative graphs of ISOCLASS-derived PLCSI values versus numbers of clusters for spring, summer, and combined
spring/summer TM classifications are shown in figure 2. In some cases (e.g. figures 2a and b), very few differences were noted
between spring and summer classifications. The combined spring/summer data set provided little if any additional information for
discriminating these land cover features (e.g., white spruce versus ponderosa pine, badlands versus winter wheat). For these
categories, it appears that one data set will suffice for achieving maximum classification separation and that either spring or summer
data sets are equally effective. Relatively low PLCSI values characterize some comparisons (e.g., white spruce versus ponderosa pine;
figure 2a), whereas high PLCSI values characterize others (e.g., badlands versus winter wheat; figure 2b). Although PLCSI values
should not be confused with traditional measures of classification accuracies (Congalton, 1991), it should be noted that there will most
likely be a high degree of correlation between PLCSI values and field-derived accuracy levels. For instance, it is inferred that low
levels of classification accuracies will be obtained for white spruce and ponderosa pine classes after clustering either spring or summer
TM data using the ISOCLASS algorithm. Effectively distinguishing between these land cover classes will probably require additional
procedures (e.g., incorporation of elevation, slope, and aspect data). Conversely, high levels of classification accuracies are expected
for badlands and winter wheat, and it appears that additional procedures and data sets are not needed to discriminate these classes.





Unlike the comparisons described above (figures 2a and b), other land cover feature comparisons (figures 2c-f) exhibit
substantial differences between spring and summer classifications. For instance, in the comparison between rangeland and riparian
vegetation (fig. 2c), classifications of summer TM data provided consistently higher PLCSI values than did classifications of spring
TM data. Conversely, in a comparison between dry land agricultural areas and range land (fig. 2d), spring TM data provided
consistently higher PLCSI values than did summer TM data. In both cases, the combined spring/summer data set provided PLCSI
values comparable to whichever single-season data set provided the highest PLCSI values. This is in contrast to comparisons between
deciduous and riparian vegetation (fig. 2e), where the spring/summer data PLCSI values were hybrid in nature between spring and
summer values. Conversely, in a comparison between dryland agricultural areas and riparian vegetation in the Box Butte Reservoir
test area (fig. 2f), the combined spring/summer PLCSI values were substantially higher than either spring or summer values, implying
that higher classification accuracies will most likely be obtained for these two classes when using both spring and summer data.

It is apparent from the above results that classification accuracies will depend largely upon the data sets used and upon the
land cover features of interest. While spring data are most appropriate for discriminating some land cover features, summer data are
more appropriate for others. In only one instance (dry land agriculture versus riparian vegetation at Box Butte Reservoir) was the
combined spring/summer data set substantially better than either spring or summer data sets. The combined spring/summer data set
was slightly more effective for discriminating between agricultural and range lands than either the spring or the summer data set alone,
whereas the combined data set was in general slightly or sometimes substantially less effective for separation of other land cover
features. In summary, these results suggest that although it is advantageous to use multiseasonal. data sets for generating land cover
data sets, usually nothing substantial is gained by classifying merged multiseasonal data sets.

However, classification of merged multitemporal. data should work very well in isolated cases. For instance, the approach
will work well when land feature "A" is spectrally separable from land feature "B" but not "C" in one data set, and is separable from
"C" but not "B" in the other. Such a condition is common in many agricultural regions characterized by different crops and seasonal
harvesting patterns. This condition also typifies a number of several ecosystems (e.g., deciduous forests in which the various forest
classes are charcterized by different phenological cycles and spectral profiles during autumnal senescence).

3.2. Assessments of Optimal Numbers of Clusters

In addition to demonstrating the magnitude of the differences that occur among spring, summer, and combined
spring/summer data sets, figures 2a-f also provide information regarding the optimal number of clusters for separating between
selected land cover features. It is interesting that PLCSI values do not increase throughout most of the range for the comparison
between white spruce and ponderosa pine (fig. 2a). This implies that, despite the relatively low PLCSI values at low numbers of
clusters, few benefits are derived by using increasingly high numbers of clusters (after about 30 or 40 clusters) for separating these
two classes. Similarly, high numbers of clusters did not provide substantially better powers of discrimination for separating most of
the other land cover features in this study (figures 2b-e). In most cases, it appears that 40 to 60 clusters are enough, although the
argument for using up to 120 clusters may be justified in a few cases.

In a comparison between the PLCSI values using 240 versus 60 clusters (fig. 3a), most points, each representing a PLCSI
value from either spring or summer data sets, appear to be reasonably close to the "no difference line." This implies that discrimination
between most land cover features is not greatly improved by using 240 rather than 60 clusters. Deviation from the "no difference line"
becomes slightly more apparent in the comparison between 240 and 40 clusters, and substantially more so in the comparison between
240 versus 20 clusters (figures 3b and c, respectively). These graphs depict the relative levels of land cover discriminatory information
lost when the number of clusters is decreased. In general, 60 clusters appear to provide a good compromise between amount of land
cover discrimination possible and the levels of difficulty in interpreting the classifications. Although this study does not provide
evidence that 60 clusters are superior to 240 clusters in terms of land cover discriminatory powers, in general, the analysis of
classifications using 240 clusters is much more cumbersome than is warranted, especially considering the minimal amount of gain in
land cover information.





3.3. CLUSTER versus ISOCLASS

Although ISOCLASS is a well established algorithm for unsupervised classification, most versions take an exceedingly long
time to run under no load conditions. In this study, it took more than 129 hours of CPU on a Sun SPARC 20 to run a LAS ISOCLASS
classification using a 16-band 112-megabyte data set specifying 240 clusters. Meanwhile, it took less than one-half hour of CPU time
to run a CLUSTER classification using the same data set on the same system with the same number of clusters. Throughout this study,
classifications using ISOCLASS generally took from 60 to 250 times longer to run than classifications using CLUSTER. Similarly,
Benjamin et al. (1996) noted that the CLUSTER algorithm was much faster to run than the ISODATA routine implemented by
ERDAS.

The long amount of time required to run ISOCLASS/ISODATA is a serious obstacle for classifying regional- to
continental-scale data sets. In this study, we compared results from CLUSTER and ISOCLASS to determine if the two algorithms are
comparable in their ability to discriminate land cover features.

For the most part, CLUSTER yields results that are comparable to ISOCLASS (fig. 4). In a comparison between PLCSI
values derived from the two algorithms using 240 clusters (fig. 4a), most of the points fall on or near the "line of no difference,"
especially at the upper PLCSI values. Comparisons of CLUSTER and ISOCLASS PLCSI values using 240, 60, 40, and 20 clusters
(figures 4a, b, c, and d , respectively) show a trend of increasing dispersion with decreasing cluster number, indicating that differences
between the two algorithms become more pronounced at lower cluster numbers. With perhaps the exception of the 20-cluster
comparison (fig. 4d), there is little evidence to indicate that one algorithm is better than the other for land cover mapping.

The CLUSTER algorithm is much faster to run than ISOCLASS, largely because of the sampling scheme employed.
CLUSTER uses a relatively small subset of pixels for developing cluster statistics, whereas ISOCLASS uses all pixels. It is interesting
that results from CLUSTER and ISOCLASS were comparable despite the differences in numbers of pixels used in the analyses. It is
likely that developing a sampling strategy for ISOCLASS similar to that of CLUSTER would greatly increase the speed of running the
program without dramatically decreasing the accuracy of the results.





4. CONCLUSIONS

This study demonstrates that using multiseasonal TM data can greatly enhance our ability to map land cover accurately. This
by itself is not a particularly surprising finding; other studies have documented the value of using multiseasonal data from Landsat
Multispectral Scanner and TM (e.g., Wolter et al., 1995; Kalensky and Scherk, 1975; Schriever and Congalton, 1995) and from
Advanced Very High Resolution Radiometer (Loveland et al., 1991; Brown et al., 1993) for land cover mapping, As a general rule, we
recommend classifying data from different seasons separately, and then combining classification results into a final product, rather
than classifying the multiseasonal data as a single unit. This is in part because the ability to distinguish certain land cover features
becomes obscured when using combined data sets, and valuable temporal information can be lost. For those classes that require more
than one data set for optimal separation (e-g-, agricultural classes), postclassification combination of results yields accurate products
that preserve this information.

One particularly noteworthy aspect of the current study is that it begins to place the value of using multiseasonal data in
context with other classification variables (namely, number of clusters and which algorithm is selected). In this study, we found that
the use of data from the most appropriate season is of far greater importance for distinguishing land cover classes than, is the use of
ISOCLASS or CLUSTER algorithms. Similarly, using the appropriate data set was of much greater importance than was the number
of clusters used, at least after some critical minimal threshold was reached (i.e., usually about 60 clusters). Little compelling evidence
was found in this study to support the routine use of high numbers of clusters (e.g., 240 clusters or more) for classifying land cover,
although high numbers will probably be beneficial in some instances.

In conclusion, it is important to pay special attention to data set selection during incipient phases of land cover mapping
projects. Whenever possible, data sets from several seasons should be evaluated. Although it will not necessarily guarantee high
accuracies of final land cover products, use of appropriate multiseasonal data sets is one of the most dependable ways to substantially
improve classification results.
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ABSTRACT

Land cover information provides important inputs to local, regional and state land use planning and management. Historically
remote sensing in the form of aerial photography has been an important source of land cover/use information. An alternative,
investigated in this paper, is the use of satellite imagery. In studies with the Twin Cities Metropolitan Council and Minnesota
Department of Natural Resources, land cover classifications of Landsat Thematic Mapper (TM) data acquired in June and September
1991 were classified. A key part of the approach was to stratify the area into three physiographic strata prior to training and
classification. The overall classification accuracy of nine level H classes was 83%, with a Kappa coefficient of 0.80. In a more specific
follow-up classification of the forest class, seven forest species classes were classified with an overall accuracy of 63%. The results
are being used by the Metropolitan Council and the DNR as a source of land cover information for the Twin Cities area. The synoptic
view of the satellite sensor provides coverage of large geographic areas, the classifications have the same scale and classification
scheme over the entire area, and the classified data arc readily compatible with geographic information systems of the Council and
DNR, eliminating the need to digitize interpreted information.

INTRODUCTION

Land cover information provides important inputs to local, regional, and state land use planning. The importance of accurate
and timely information describing the kind and extent of land and water resources is increasing. This is especially true in metropolitan
areas such as the Twin Cities of Minneapolis-St. Paul, Minnesota which encompass seven counties with a total area of 1.9 million
acres (Figure 1) and more than 100 civil government units.

Historically, remote sensing in the form of aerial photography has been an important source of land use-land cover
information. However, the cost of aerial photography acquisition and interpretation and subsequent digitization of cover types is
prohibitively expensive for large geographic areas. An alternative is to acquire the needed information from digital satellite imagery.
There is considerable evidence to suggest that digital analysis of satellite-acquired data, such as from the Landsat Thematic Mapper
(TM), can be used to increase the efficiency and timeliness of land inventory and mapping at considerable cost savings. This approach
has several advantages: (1) the synoptic view of the sensor provides coverage of large geographic areas, (2) the digital fonn of the data
lends itself to more efficient analysis, and (3) the classified data are compatible with geographic information systems, eliminating the
need to digitize interpreted information.

This paper describes work performed by the University of Minnesota’s Department of Forest Resources Remote Sensing
Laboratory (RSL) in cooperative efforts with the Metropolitan Council, the agency responsible for coordinating land use policies in
the Twin Cities metropolitan area, and the Minnesota Department of Natural Resources (DNR). The overall objective of the work with
the Metropolitan Council was to produce an accurate GIS-compatible land cover classification of the Twin Cities metropolitan area to
be used by the Council in a GIS-based analysis of the land use and resulting water quality The objective of the follow on work with
the DNR was to produce a more specific classification of the forest lands in the seven-county area.

In both projects, the classifications of the seven counties needed to be produced with a consistent classification system and at
the same scale and date over the entire area. The alternative of using maps and data from the individual counties would necessitate
working with data of varying classes, scales, and dates. Landsat TM data was believed to provide the best means for generating
consistent and accurate land data bases and information systems. Landsat TM data have been utilized for land cover mapping in a
number of states, including South Carolina (Lacey and Beaty, 1991) and Wisconsin (Cosention and Lillesand, 199 1).

LAND COVER CLASSIFICATION

In a previous study with the Metropolitan Council, Landsat TM data acquired in June 1988 covering the Twin Cities area
(Bauer et al., 199 1) was classified. Classification accuracies, determined from a random sample of 500 points, ranged from 86% for
five level I classes (agriculture, forest, urban/developed, water, and wetland) to 75% for 14 level II classes. The results from this
earlier study were used by the Metropolitan Council as a source of wide-area land cover information to support site evaluation and
selection for a potential new international airport serving the Twin Cities area. The current work is a new classification, representing



more specific classes of rural and urban land cover types. The classification will be one of the GIS data layers used as input to a
hydrologic model for the predicting runoff and non-point pollution of lakes and streams.

Methods

The technical approach consisted of six primary tasks: (1) Landsat data acquisition, (2) reference data development, (3)
geometric rectification and registration, (4) stratification, (5) training and classification, and (6) accuracy assessment. Each of the tasks
is described below. The overall methods of large area satellite data classification are similar to those used by Bauer et al. (1994). All
satellite image processing was conducted using the ERDAS Imagine and ArcInfo software systems implemented on Sun and SGI
workstations.

Landsat Data Acquisition: Two 1991 Landsat scenes, June 16 and September 4, were selected for classification. These
images, although not the most recent, were selected because they were the most recent available that provided cloud-free coverage of
the entire metropolitan area at the right times of the year. The previous project showed that early June is a good time to identify the
five major land cover classes (agriculture, forest, wetlands, urban/developed, and water). The late summer image was selected to
provide late season spectral characteristics of the landscape to aid in the overall classification. Many studies have shown that the
intertemporal covariance information available from the combination of two or more dates provides more information and higher
classification accuracies than single-date data.

Reference Data Development: A systematic stratified unaligned sample of 72 sections was selected to use as reference data
for classifier training and evaluation. The primary sample was a systematic sample of township and range units. Systematic sampling
ensured dig training data were distributed throughout the entire region. A secondary sample of random sections within the sample
township-range units was then selected. The sampling design follows that suggested by Lillesand (1994).

The primary source of ground reference data was 35-mm color aerial photography (slides) acquired by the USDA
Agricultural Stabilization and Conservation Service (ASCS) in July-August 1991 for each of the seven counties. Each slide covered an
area of a little more than one square mile (section) at a scale of approximately 1:80,000. Field information was obtained from ASCS
records rather than relying on photo interpretation of the small scale, color slides; the photos were used to locate field boundaries.
Crop identification information obtained from the ASCS offices was recorded on black and white paper copies of the photography.
This provided reliable information on the agricultural crop fields in the sample sections.

Each color aerial slide was scanned and digitized. The photographs could then be displayed on the monitor of the image
analysis workstation along with images of the two dates of Landsat TM data and used to select areas for classifier training and
subsequently to evaluate classification accuracy. Approximately 60% of the sections were used for developing training signatures and
the remaining sections were used to assess classification accuracy.

Information on other (non-agricultural) cover types was obtained from a combination of photo and image interpretation in
conjunction with Arclnfo coverages of a 1990 Metropolitan Council land use map and National Wetlands Inventory maps. The non-
agricultural reference data was not restricted to the sample sections.

Geometric Rectification and Registration: Geometric rectification and registration of the multidate images was the major
preprocessing requirement. Registration of the imagery to USGS 7.5 minute quadrangle maps was accomplished by locating 40 well
distributed pixels within the images which could be associated with specific features (e.g., road intersections) distinguishable on both
the maps and on the satellite images. These ground control points (GCP’s) were established with USGS quad maps in the Universal
Transverse Mercator Projection, UTM Grid Zone 15, and entered into ERDAS using the GCP routine. The RMS errors for registration
of the June and September images to the quad maps was 0.37 and 0.49 pixels, respectively. The nearest neighbor resampling method
which preserves the digital number (DN) values recorded by the satellite sensor was used to assign DN’s to the rectified pixels.

Stratification: The final preprocessing step was a stratification of the region into three strata based primarily on the
physiography (Wright, 1972) of the region. Bauer et al. (1994) and Stewart and Lillesand (1995) have found that such stratification
can significantly increase classification accuracy. Three coverages were created in Arclnfo and used to divide the scene into three
separate regions prior to signature definition and classification. The three strata approximately correspond to the counties as follows:
(1) Anoka, Ramsey and Washington, (2) Carver and Hennepin, and (3) Dakota and Scott. Training signatures were separately
developed for each area.

Training and Classification: A land cover classification scheme with the nine classes listed in Table 1 was developed to meet
the needs of the Metropolitan Council for input to a hydrology model. A supervised approach to classifier training was used with the
image analyst identifying a field and selecting one pixel, referred to as a "seed" pixel, within the field as representative of that land
cover class. The algorithm then compares the similarity of adjacent pixels to the seed pixel; if sufficiently similar it is annexed to the



seed pixel creating a polygon of similar pixels of that cover type. The approach provides a relatively automatic, but reliable way to
obtain the coordinates of fields or polygons to be used for classifier training. Using this procedure more than 100 polygons, or
approximately ten for each cover type class, were identified in each of the physiographic regions. The total number of polygons for the
agricultural classes was determined by the number of fields for which the ASCS field data were available.

The parameters required for the maximum likelihood classifier, mean and covariance matrix, were then determined.
Following the creation of the spectral signatures an initial classification of the training areas was quantitatively evaluated and, where
necessary, signatures were added, deleted or merged to obtain approximately 100 signatures used in the final classification of each
stratum. TM bands 6 and 7 were not used in the classifications.

Following completion of the classifications a neighborhood function using a 3 x 3 majority filter was used to eliminate
individual pixels that were classified differently than their neighbors. The class of those pixels was replaced by the most prevalent
class of the 3 x 3 block of pixels. The filtering results in a minimum mapping unit of 8100 square meters or approximately two acres.

Accuracy Assessment: Accuracy assessments were completed separately for each of the three physiographic regions. A set of
reference polygons independent from the training polygons was created using the remaining sections of the ASCS field data. This was
accomplished using the same methodology as used in the development of the training polygons, i.e., automated seed pixels. These
polygons were employed in the accuracy assessment routine in ERDAS Imagine. A minimum of 248 pixels in each classification (751
total) were selected using a stratified random sample to ensure that small but important landscape areas were included in the
evaluation. To avoid spatial autocorrelation of pixels, individual pixels in different polygons (fields) were selected. Classification
contingency tables were subsequently generated to estimate classification accuracy. Overall accuracy, producer’s accuracy (an
indicator of omission error) and user’s accuracy (an indicator of commission error) were computed (Congalton, 1991). In additio n, the
Kappa coefficient of agreement which removes the contribution of chance agreement from the overall accuracy was calculated.

Results

The results of the accuracy assessment for the classifications of three strata are given in Table 2. The overall classification
accuracies for the three classifications were 85.5% for Anoka-Ramsey-Washington, 79.2% for Carver-Hennepin, and 85.0% for
Dakota-Scott.; Kappa coefficients were, respectively, 0.82,0.75, and 0.78. Giventhesimilar accuracies in each of the three
classifications, the individual contingency tables have been combined in Table 2. The combined overall accuracy was 84.5% with a
Kappa coefficient of 0.81, indicating the classification is 81% more accurate than would be expected by chance agreement. This
compares to an accuracy of 86% and Kappa coefficient of 0.75 for five classes for classification of the single-date 1988 data
suggesting that the current classification is more accurate and more specific than the 1988 level I classification. Although the number
of classes differed, it is also more accurate than the 1988 level 11 classification.

The highest classification accuracies are of the vacant, open and agricultural lands where the 1990 Land Use map developed
by the Council does not include specific cover type information. Classification accuracies of row crops, forests and the grass category
were especially high. The greatest difficulty (low accuracy) in the classification is the wetland category which was frequently
confused with other vegetation types. Data from the National Wetlands Inventory may be a better source of information on wetlands.
Similarly, many of the urban or developed classes are probably more specifically and better identified in the 1990 land use map
developed by the Council from interpretation of aerial photography Rather than rely on the coarse resolution TM data to classify and
map urban features we have suggested to the Council that it might be more useful to use the TM data to generate a map of the
normalized difference vegetation index (NDVI) which would provide a measure of the relative amount of green vegetation vs.
impermeable surfaces.

FOREST COVER CLASSIFICATION

The objective of the forest mapping portion of this project was to subdivide the forest class into more specific classes. The
Minnesota Department of Natural Resources, Metro Region office is responsible for managing state lands within the seven-county
metro area, as well as providing technical support to local government units and private land owners. Since management issues, such
as disease and forest pests control do not respect political boundaries, the DNR was interested in creating a metro-wide GIS layer of
the forest species regardless of the land ownership. In a previous mapping project forests were classified into two sub-classes,
hardwoods and conifers, i.e., a level I classification. Thus the goal of this project was to subdivide the forested areas into more specific
groupings.

The classes used were based on typical DNR forest mapping types. Recognizing that the vast majority of forest in these
counties is deciduous, five sub-classes were selected: oak, oak dominant, maple-basswood, elm-ash-cottonwood, and other deciduous
dominant. Conifers which are present in limited quantities were grouped into two classes: red pine and mixed pine. The inclusion of



several mixed classes allowed stands of multiple classes to be assigned to a mixed stand as opposed to forcing them into one of the
pure forest types.

Methods

The approach used in this portion of the project was similar to the general land cover classification described above. The
same two Landsat scenes and spectral bands were used. However, rather than classifying all pixels, a mask of non-forest classes was
developed from the initial classification and only pixels originally classified as forest were considered. An underlying assumption of
this approach is that the forest class obtained in the initial classification was sufficiently accurate to provide useful results when further
analysis is done.

Reference Data Development: Forty sections were randomly selected across the metro region from those that contained at
least some forest. Each section was then assigned a number. Odd-numbered sections were used as reference sections and even-
numbered sections were reserved for accuracy assessment Next, the pixels in the forest class from the original general land cover
classification were clustered into 40 spectrally separable classes, with the underlying assumption that some or all of the classes
produced would match the desired ground classes.

The resulting forest cluster maps were then exported to the EPPL7 GIS package used by the DNR_ Color printouts for each
of the sections were produced as a basemap for the subsequent field data collection and mapping by DNR area foresters. Mapping was
done using standard DNR coding consisting of a dominant species, secondary species (when present), age class and origin (natural or
plantation). The DNR classification scheme does not specify the relative quantity of the species present. Dominant indicates the
species makes up the majority of the stand rather than indicating a specific percentage of the stand. The foresters compiled maps using
all available data, including field visits, CIR aerial photography, and DNR and private stand records. Maps were hand sketched by the
forester as an overlay to the color printout of the unsupervised classes for that section.

The sketch maps were then correlated to the same sections on the computer screen and digitized using the seed pixel
approach in ERDAS Imagine. The seed pixel was placed in the center of each stand to be digitized and allowed to grow according to
specified spectral constraints. This approach follows objective rules or criteria to make decisions regarding the boundaries of polygons
as opposed to the analyst, thus allowing for spectrally consistent training data.

Stands for training were selected in every case that met the following criteria: (1) the stand was pure for the species
(dominant and sub dominant species were the same or similar); (2) the stand was able to be reliably matched from the sketch map to
the screen. In some instances stands drawn on the sketch maps were unclearly defined and thus not used in the training process.

Training and Classification: The resulting training polygons for a given species were then clustered using an unsupervised
clustering routine to create multiple signatures for the given class. The resulting signatures were then combined using the Imagine
signature editor to create a master set for all classes. Class separability was confirmed and, where necessary, overlapping signatures
were re-evaluated and the process reiterated to insure sufficient separability between classes. Signature overlap within the major forest
classes was not a concern and allowed to occur.

The final selection of classes included in the classification was based on minimizing classification error while maximizing
the number of species classes included. These are inversely related. Thus to obtain the highest class accuracies we would expect to
have fewer classes. Classification was with a maximum likelihood algorithm using 10 bands of image data, five from each date (as in
the land cover classification).

Following completion of the classification, a R3 majority filter was applied to the resulting image to remove individual pixels
that were classified differently than their neighbors. Such pixels were replaced by the class most common in the 3x3 window. The
result of this filter is a minimum mapping unit of 8100 square meters or approximately two acres.

Accuracy Assessment: Classification accuracy was determined using ERDAS Imagine algorithms. A stratified random
selection of pixels was used to insure that all classes were included in the accuracy assessment. Each of the randomly selected pixels
was then compared to the appropriate field map to determine its true cover class as determined by the DNR forester Classification
contingency tables were then created and used to estimate classification accuracies and Kappa statistics.

Results

The goal of this project was to classify the forest land at the species-group level. The results of accuracy assessment for the
classification are given in Table 3. The overall classification accuracy over the seven-county area was 63.4%; the accuracies for



individual classes ranged from 35.7 to 100%. The overall Kappa coefficient was 0.55, and ranged from 0.37 to 0.75 for the individual
classes.

A significant source of error was associated with pixels originally classified as forest, but which were mapped as non-forest
by the DNR_ While 78.5% of the pixels originally classified as forest were correctly classified into the seven species classes, the
effors in the original classification of forest vs. non-forest reduce the accuracy of the forest species to 63.4% This is roughly the same
as forest vs. non-forest accuracy (83.8%) times the forest species accuracy (78.5%). While some of the error may be attributed to
differences in definitions of forest between the original classification and the DNR field maps, this result reinforces the importance of
having an accurate initial classification when it is used as a mask for a second classification. A second difficulty resulted from the
DNR classification scheme which does not distinguish dominant and subdominant species as a specific percentage of the mix. Mixed
classes are allowed to vary quite dramatically, winch to the forester on the ground may not be problematic, but may be for classifying
Landsat data.

Although classification accuracies were not as high as in the more general land cover classification, they are quite
encouraging. The DNR has indicated that these results are sufficiently accurate to support their use by DNR forest managers. The
DNR has a particular interest in oak species due to oak-wilt, a disease affecting trees in several parts of the metro region. Thus, we
focused our efforts on oak even when it resulted in lower accuracies for other species groupings. Improvement in the classification
process might be obtained given some minor changes. Image dates used for the classification were not optimal for the differentiation
of tree species. The images dates were originally selected to maximize differences in the classes used in part one of the project. Higher
accuracies would be expected using imagery obtained at times of greater spectral separation between species, such as the spring
leaf-out and the fall color change. These image dates were both in the summer months when all species are in a similar condition. We
arc also looking at the possibility of combining radar data with Landsat data as a means to obtain more accurate classifications.

SUMMARY AND CONCLUSIONS

Landsat TM digital imagery of the seven-county Twin Cities metropolitan area were classified into nine land cover type
classes. The overall classification was 83.2% and the Kappa coefficient of agreement was 0.80. The use of two dates of imagery, June
and September, and stratification into three physiographic strata for winch separate training and classifications were performed, are
believed to have contributed significantly to improving the classification accuracy over that of a previous classification of June
imagery. In a second classification the forest class was further classified into seven forest cover type classes with an overall accuracy
of 63.4% and Kappa coefficient of agreement of 0.55.

The results of both classifications are being used by major resource and planning agencies as a source of land cover
information which would otherwise not be available over large geographic areas. The application of the same classification systems to
data acquired at the same time and at a single scale is considered to be a major advantage. The classified data arc readily compatible
with geographic information systems, eliminating the need to digitize interpreted information.

In future work we would like to incorporate satellite-acquired radar data, as well as other data such as digital elevation
models and soil maps as sources of additional information for classification.
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ABSTRACT

The City of Scottsdale, in collaboration with Arizona State University, Tempe (ASU), and Intergraph Corporation, solicited
and received a major grant from NASA to apply remote sensing to urban problems. Two applications with potential significant
financial impact to the city -- hydrologic and environmental -were selected for initial investigation. For the second year, the emphasis
was placed on developing a working prototype, for commercialization, of the required remote sensing data and analysis procedures to
generate information required by the city for storm water management.

The program requirements are to analyze imagery from different sensor systems with varying spatial and spectral resolutions
to determine the optimum to provide input to the HEC-I hydrology model. Also needed is a robust classification methodology that is
reliable with low percentages of vegetative ground cover and that can be used for direct estimation of the percentage of impervious
surface.

This is a report on year-two, work to-date involving spatial resolution issues as related to classification accuracy. The best
achievable estimates of impervious area -- with single sensors -- derived from thematic classification of the 4.5 Km2 study area has
been with 28.5 m TM and 20 in SPOT imagery. Using 2.9 m TM simulator imagery results in an under-estimate of impervious area by
21% to 36%, as a result of overestimating the soil class.

BACKGROUND

Cities throughout the country are confronted with the need for doing more with less. A combination of increasing population
driving development, heightened public expectations, and unfunded mandates -- such as NPDES -- create a need for solving
increasingly complex urban problems. A general dissatisfaction with the tax burden and threat of a voter rebellion against increased
taxation -- such as California’s famous Proposition 13 -- requires that governments become more efficient while doing more.
Progressive communities, such as the City of Scottsdale, look to technology to assist them with their ever more demanding
requirements.

The City of Scottsdale, in collaboration with Arizona State University, Tempe (ASU), and Intergraph Corporation, solicited
and received a grant from NASA to apply remote sensing to urban problems. Forty-seven possible applications were identified. Two
applications with potential significant financial impact to the city -- hydrologic and environmental -- were identified during the initial
first-year proof-of-concept phase. The second year, emphasis was placed on developing a working prototype of the required remote
sensing data and analysis procedures to generate information required by the city for storm water management.

Scottsdale is located in the Sonoran Desert and is a suburb of the Greater Phoenix Metropolitan Area. It covers an area of
approximately 185 square miles, of which only 40 percent is currently urbanized. The region has a climate of five seasons
distinguished by characteristic temperature and rainfall patterns. Total annual rainfall is typically only 7 to 10 inches per year and
mainly falls in two distinct seasons. The summer rainfall is further characterized by heavy down-pours, sometimes referred to as cloud
bursts. Not surprisingly, these infrequent but intense rainfalls commonly result in local flooding as the runoff exceeds the capacity of
the drainage system. Of primary importance to the city is to prevent loss of life, and minimize property damage and disruption of
transportation.

The program is using sensor systems provided by NASA. These were made available as NASA support for the partnership.
However, one of the objectives of the program is full-commercialization and transference of the technology developed to other cities.
Other cities will not have routine access to these same NASA sensors, so any algorithms or procedures developed based upon them



may not be useful to the other cities. Therefore, this mandated technology transfer strongly favors readily available commercial sensor
systems.

A secondary implicit requirement is that, if a choice is possible, the least expensive imagery that meets the technical
requirements should be used. For storm water modeling, several parameters are required as input to the US Army Corps of Engineers’
HEC-I hydrology model. The parameters most amenable to extraction from multispectral remote sensing data are the landuse types
and percentage of plant ground cover. The percentage of impervious surface is inversely related to ground cover in developed areas.

For purposes of hydrology, an essential distinction is between developed and undeveloped areas. For
undeveloped/transitional areas, the crucial distinction is between agricultural versus natural, undisturbed land. For undisturbed land,
the important criteria are identifying forested versus non-forested, and percentage ground cover. For developed areas, the ratio of
impervious to pervious area is the most crucial parameter.

To determine the relative effectiveness of various sensors and algorithms for identifying key features or landuse classes,
comparison benchmarks are essential. What is needed are coregistered scenes of typical urban areas and they should be processed with
commercial classification algorithms to determine accuracy and computational efficiency.

An area approximately 4.5 Km2 in the south part of Scottsdale has been chosen for study. The area is bounded on the South
by McKellips Road, on the West by Miller Road, on the North by Indian School Road, and on the East by Pima Road. Classification
accuracy has been assessed for all the sensor-algorithm combinations tried. Spatial accuracy, costs, and storage requirements have
been reviewed also.

Scottsdale’s Transportation Department will use the results from the various processed sensor systems to perform a sensitivity
analysis with the HEC-I model to see what changes result from impervious accuracy improvements.

Previous Work

The related problems of determining impervious cover and SCS Curve Numbers were explored by Jackson (1975) and
Blanchard (1975), respectively, prior to the launch of the Landsat Thematic Mapper. The general approaches are still valid for
moderate to high rainfall regions and recent work has improved on that done by Jackson with MSS ratio imagery.

Recently, studies using airborne multispectral sensors to determine a vegetation index and performing a hierarchical
classification have been reported by Monday, et al. (1994).

Marceau et al., (1990) suggest that "per-pixel classifiers are not appropriate for classifying environments exhibiting high
internal spectral variance in relation with the fine spatial resolution of the image." This opinion is echoed by Blanchard and Barr
(1996) and they also cite several sources who have documented classification problems with high-resolution sensors. While SPOT
imagery was being contrasted with TM imagery, the problem will be exacerbated by the even higher resolution of proposed satellite
systems.

Potter (1993) studied an instrumented urban watershed of approximately 1 square mile area in Tucson, Arizona. He
compared the computer classification results from SPOT XS (20 m), digitized NHAP CIR photography (4 m), and multispectral
airborne video (2 and 4 m) with manually classified aerial photographs. He found a consistent overestimate of the bare soil class with
the 2 and 4 meter computer-classified imagery.

Resolution Issues

Employing a resolution greater than necessary for the task may confound the interpretation process by introducing extraneous
detail that is essentially noise in the context of the task. It may become a literal case of not being able to see the forest for the trees.
There is an optimum resolution for detecting and differentiating a particular target from the surroundings and similar targets.

The Nyquist criterion (Pratt, 1978) is a good first-order approximator of the minimum resolution required for a given task.
While best appreciated for periodic signals, the Nyquist criterion can be extended to apply to isolated, discrete features. Basically, the
Nyquist criterion says that to adequately characterize a waveform with discrete (non-continuous) samples, there must be at least two
samples per wavelength- That equates to an instantaneous field of view (IFOV) equal to or less than the feature to be detected.

The detectability of a target at pixel or sub-pixel levels is related to the contrast ratio of the target and surrounding
background, and the ratio of the target area to pixel area. The threshold of detectability for a sub-pixel target, under ideal
circumstances, is limited by the human eye’s ability to detect what is called the Just Noticeable Difference (JND). The JND varies



between observers and is influenced by factors such as fatigue and overall brightness of the scene being observed. According to
Weber’s law (Gonzalez, et al., 1977), these JNDs will be about 2% from the adjacent value(s). For a white background, the pixel
containing a target 256 times darker than the surroundings would have to have a value less than 251/256 to be discerned under ideal
circumstances; therefore, the target would have to be nearly 2 percent of the pixel to have a JND. A pixel-sized target would have to
have a contrast ratio greater than 5:1 to be detected in a monochrome image.

The Manual of Remote Sensing (Colwell, 1983) states "...about three times the spatial resolution is required to progress from
detection to identification. About ten to one hundred times resolution-increase is necessary to pass from identification to analysis
(Lintz and Simonett, 1976)."

As one increases scale, a number of easily predictable features emerge. In an urban setting, such as Scottsdale, shadows not
only may become sizable, but may also become a thematic classification problem. At a ground sampling distance (GSD) larger than
tree canopies, the shadows are an integral part of tall, green objects and the reflectance is averaged over both the canopy and its
ubiquitous shadow. At GSDs smaller than tree canopies, the shadow is resolved separately. Further, the dynamic range of radiance
may be so small as to preclude reliable classification of land cover in the shadows. At coarse resolution, transportation corridors are an
average of the pavement, the cars on them, the painted lane markings, and the concrete sidewalks commonly flanking the roads, rather
than the individual elements seen at high-resolution.

At a large GSD, what is seen are broad rooftops integrated with driveways and small lawns, where one averaged spectral
feature generates a single spectral class. With unsupervised classification, several classes -including the possible null class: shadow --
will be generated at GSDs equal to or smaller than the new features being resolved. This may or not be desirable. Certainly there is
more labor and opportunities for making mistakes as the number of classes *increases. Additional classes may not provide additional
information, as in the case of differentiating impervious surfaces.

One never avoids the problem of mixed pixels by going to higher spatial-resolution. One is just presented with a different set
of features and objects to differentiate. While going to higher resolution improves the details and improves the precision of location of
individual features, there are costs involved. The price per unit area for raw data climbs rapidly as one goes to higher resolution
systems. What also happens is that one pays an additional processing cost in computational overhead and storage requirements that
grows geometrically as the resolution increases. As one doubles the resolution, the storage space requirement ’increases four-fold and,
all other things being equal (e.g., the same ground area is processed), the processing time increases at least four-fold and possibly
more. Therefore, one should use data of no higher resolution than is necessary to accomplish the task. The corollary of this is that
there is an optimum spatial and spectral resolution for every task. If the resolution is too coarse, important features are rriissed and not
only is the precision of the location of pixels low, but generally the accuracy is low also.

Paradoxically, higher spatial-resolution multispectral. imagery may yield diminished classification accuracies for land-cover
classes that are defined as aggregates of several elements (Marceau. et al., 1990). For example, urban classes are composed of pixels
averaging the radiance of streets, sidewalks, rooftops, and miscellaneous sparse vegetation. At high spatial resolution, the individual
elements dominate individual pixels and -- assuming that they can be identified correctly -- would require post-classification
aggregation to create an urban land-use class. This higher resolution then requires more time selecting additional training sites and
post-processing of the identified classes.

While the attitude that "more is better" is prevalent in our society, clearly there are instances when more is less. Attempting to
solve a problem with excessive data may create difficulties. So, the important requirement for a project is to be clear on just what it is
that is needed to be detected, resolved, or characterized. Then a sensor system equal to or slightly better than the required resolution
should be selected for use.

Fundamentally, the requirements for the storm water management problem are an evaluation of the average percentage of
impervious surface, an estimate of the dominant land use, and -- if not urban -- a determination of the percentage plant ground-cover
for each hydrologic sub-basin. If the above parameters can be determined by spatially averaging with a single pixel, then the problem
of providing input to the HEC-I model is simplified.

The smallest hydrologic sub-basin in Scottsdale is approximately (100 m)2. Ideally, a sensor system such as MSS with 80 m
per pixel resolution would appear to be optimal. However, the practical consideration of ensuring alignment between a pixel’s ground
footprint and the desired sub-basin dictates a higher resolution.

To gain insight on the resolution required, lees examine the case where a square target of unit size with a DN (digital
number) of 255 is located on a black background with DN 0. Superimposed on it is an array of cells n x n (where n is an integer),
much larger than the target, where the values in the array take on the average value of the area underneath the cells. There are two
special -- and least probable -- cases: 1) where there is exact registration between the boundaries of the overlying grid and the



underlying target; 2) where there is a translation of exactly 1/2 cell in both x and y directions. In the first case, there is an exact
mapping of the size and attributes of the target to a set of cells aligned with the target. In the second case, there will be a core of cells
with value DN 255 surrounded by a halo of DN 127 values. The exact boundary will not correspond to the edge of any of the cells. It
will be ambiguous whether to draw the boundary around the 127-value cells or inside them. Either situation represents an error in size
since the correct boundary (which can not be delineated in a raster display) lies in the center of the 127-value halo.

The more general case will be some translation between 0 and 1/2 pixel. (Note: translations greater than 1/2 pixel are
indistinguishable from translations less than 1/2 pixel in the opposite direction if the cells in the array are not uniquely coded.) Also,
the translations along the x and y axes will usually be different. So, one can say that the positional error will nearly always be less than
1/2 pixel along any one axis and generally much less than 1/2 pixel along both axes.

Assuming the worst-case scenario of 1/2 pixel misalignment in both the X and Y directions, with a grid spacing equal to the
target size, no pixel would cover more than a quarter of the target area. Increasing the resolution 16-fold and again assuming the
worst-case, there would be 225 pixels entirely within the confines of the unit-size target area, representing 88 percent of the area. The
64 pixels on the border will be contaminated by the adjacent background. A 16-fold increase in Landsat MSS resolution would be
about 5 meters per pixel. The 10,000 m2 sub-basin would be covered with between 361 and 625 pixels, 25 pixels on a side. Since a
sub-basin is the smallest area input to the HEC-I model, there are ample pixels to statistically characterize the area.

If one were interested in the correct value of the attribute represented by the DN of a target, the next question would be how
the average value of the cells representing that target varies with misaligriment. Lees assume translation along only one axis. If the
unit-area target is subdivided by a regular grid of n x n cells, there will be n^2 cells and only one edge (i.e., n cells, will have the
values increased by the translation.). So, for a bright target (DN 255) against a dark background (DN 0), translation up to 1/2 pixel
will result ’in a slight decrease in the average for all the cells. That decrease will be inversely proportional to the number of cells. For
the case of translation of a fractional distance of a cell, d, where 0 < d < 1/2, the apparent average value of the target will be (DNtarget *
(n^2 - n) + n * (DNtarget *(1 -d) + DNbackground * d)) / n^2. If n were 5 (GSD = 20 m/pixel for the above specific case of Scottsdale’s
hydrologic problem) and d were 1/4, then the error would be about 5 percent for a target-to-background ratio of 256: 1. The smaller
the contrast between the target and background, the smaller the error will be.

In summary, if one chooses to characterize a target area based only on those pixels enclosed entirely within the target, the
average values will be correct for a homogeneous target, although the perimeter and apparent area will be slightly too small. If,
instead, one chooses the boundary based on what appears to be the cells most similar ’in value or color, then the area and perimeter
will be more accurate but the average value of the cells may be *in error by a few percent. The error will depend on the ratio of the
target to cell-size and contrast ratio.

It should be clear that the resolution of imagery selected for analysis is dictated largely by availability. However, as the
availability of sensor systems of varying spatial resolution ’increases, one is confronted with the choice of the optimum or most
cost-effective system for the task at hand.

The significant contribution made by higher resolution is more precise location of the boundaries of the sub-basins. Also, if a
particular sub-basin should be highly diverse in the landuse types (i.e., both pervious and impervious), then the boundaries will be
more accurately delineated. However, what remains to be demonstrated is at what resolution the advantages and disadvantages are
balanced. That is, whether the increased costs of higher resolution are justified by more accurate outputs from the HEC-I model.

A map is a generalization of reality. In the beginnings of cartography, the generalization was a necessity given the tools
available to the map maker. In this age of orthophotomaps, GIS databases, and computer generated maps, generalization may be
necessary to avoid being overwhelmed with information. Mather (1987) comments as follows:

"... Whilst one would intuitively expect an increase in classification accuracy to result from the use of such
higher-resolution imagery because of the reduced proportion of mixed pixels’ that lie across a boundary separating
two or more distinct land-cover types, there is a corresponding reduction in accuracy as individual components of
what a lower-resolution sensor would see as being homogeneous are separated by the higher-resolution sensor. An
area may well be classifiable as ’forest’ using Landsat MSS (80 m resolution) data whereas with 30 m resolution TM
data the gaps between the stands are possibly classed as ’bare ground’ or ’grass.’ Whereas this classification may be
objectively correct the user may not wish to see details of within-class variability, and so may consider these
categories as noise. This is really a problem of scale rather than a problem of technique."



Classification Issues

The time required to perform multispectral image classification is inversely related to the number of bands analyzed. Some
studies have shown decreasing accuracy in classification after adding more bands to attempt to improve the accuracy (Schowengerdt,
1983b). Therefore, to minimize processing time, no more bands should be used than are necessary to achieve acceptable classification
accuracy. However, as one uses sensors of increasing spatial resolution, one can expect to resolve image components of increasing
spectral variability. To differentiate them it will probably be necessary to increase the spectral resolution concomitantly with the
spatial resolution. Unfortunately, none of the proposed commercial high-resolution satellite systems are increasing their spectral
resolution as much as the spatial resolution.

The choice of whether to use supervised or unsupervised classification is influenced by different considerations. If one were
to select unsupervised classification, there would be minimal analyst input required at the front-end of the processing. However, there
is substantial post-processing to interpret the spectral classes and aggregate them through re-coding. In supervised classification, most
of the effort is typically on the front-end, selecting characteristic, homogeneous training sites, with little or no post-processing
required unless the resulting classification is unsatisfactory. In the event of a supervised classification yielding unacceptable accuracy,
then review of band statistics and selection of new or modified training sites will be required. In the final decision, the accuracy of
classification and processing time should be evaluated to decide whether the supervised or unsupervised approach should be used.

The results of both approaches are influenced by the photointerpretive skills, subjective judgment, and care of the person
doing the training site selection or recoding the unsupervised classes. Numerous studies have shown that the selection of supervised
training sites and the choice of unsupervised training algorithm will effect the final classification accuracy. Further, there are
numerous parameters associated with unsupervised training algorithms that are under control of the analyst. Similarly, there are
several choices of supervised classification algorithms (and combinations of them) that also have variable parameters the analyst is
free to change. Also, the resolution will effect classification results.

One could fairly say that -- considering the degree of freedom associated with selecting the quantity, size, and location of
supervised training sites, the choice of particular multispectral bands, and the selection of optional processing parameters -- there are
an infinite number of classifications that might be accomplished for a given multispectral scene. That, of course, is no excuse for being
careless or imprecise in classification procedures and the analyst has covariance matrices for guidance. However, one can expect that
-- as in most measurements -- careful, conscientious attempts at classification will result in a normal distribution of area-values about a
mean value that is the most probable correct value. This is assuming that the themes chosen are appropriate for the scale of the
imagery and one does not attempt to extract themes of finer detail than reasonable for the ground sampling distance (GSD) of the
sensor system.

One of the tasks associated with supervised classification is to ensure homogeneity and representativeness of the pixels in the
training sites. It is quite common for pixels to be misclassfied between adjacent, spectrally similar clusters. The traditional confusion
matrix helps identify which themes the classifier has difficulty separating. However, one could spend an unreasonable amount of time
attempting to tune the selection sites to achieve maximum accuracy. There is a point of diminishing returns for the effort expended. It
is best to establish an acceptable limit of (in)accuracy and abandon tuning when that is achieved- If considerable time is spent trying to
improve the classification and little or no improvement is achieved, it is probably better to consider changing the approach or be less
demanding in the number of classes that can be extracted from a data set of a given spatial and spectral resolution.

More than two decades of experimentation with multispectral imagery (largely Landsat MSS and TM) have illustrated
*inappropriate or ineffective approaches to classification and conversely has shown what does work. As a result of this background,
rules of thumb have evolved to guide analysts in efficient classification of imagery, Maximum Likelihood classification is efficient
under conditions of high covaniance (Verbyla, 1995); conversely, Parallelepiped classification performs poorly with high covariance
(Lillesand, et al., 1987). Schowengerdt (I 983a) observes that under conditions of uncorrelated bands (the result of Principal
Components transform) and equal variance (stretched bands), a Minimum Distance classifier provides results that are equivalent to
Maximum Likelihood and therefore will minimize the average classification error just as the Maximum-Likelihood classifier does in
the general case.

While automated classification of imagery has been a priority for organizations responsible for analyzing large volumes of
image data, it is still not a goal that has been satisfactorily solved. Supervised multispectral classification requires an initial selection
of training sites. This has an advantage that the utility of the training sites may be resistant to temporal changes and, once selected,
may be used repeatedly. However, urban development or redevelopment may necessitate reselection. Unsupervised multispectral
classification will automatically compensate for temporal changes, but requires operator interpretation and consequently is difficult to
automate.



An ideal automated procedure would not require updating. The highest probability of achievement of that goal is using an
absolute measurement approach such as spectral-sigriature matching with hyperspectral systems. Band-ratio techniques that select for
particular reflectors and suppress illumination variations also are promising for automating spectral-target identification and attribute
characterization. Texture analysis may be useful for augmenting automated classification since feature textures are relatively
time-invariant.

INVESTIGATION PROCEDURE

The procedure adopted is to proceed on the impervious-estimate task in stages to provide remotely sensed GIS layers that are
refined over time, as follows:

A. Using moderate-resolution TM imagery initially, perform supervised and unsupervised classification to create landuse
classes. Aggregate into pervious and impervious classes to provide an initial base-line estimate of the percentage of
impervious surface for the study area.

B. Repeat the above analysis with sensor systems having higher spatial resolution. The specific sensors studied are: SPOT,
NS-001(TM Simulator), and color orthoimagery. It is intended to also explore the use of the AADS-1268 (TM Simulator),
TIMS, and AIRSAR imagery for classification accuracy at a future date.

C. Estimate proportions of major classes through manual interpretation of high-resolution, color orthophotographs and field
check ambiguous locations. A grid with one-hundred meter spacing was applied to select sampling points for identification of
ground cover. The orthophotos and grid were rotated 45 degrees with respect to each other to avoid biased sampling resulting
from alignment with road system. The classes chosen were as follows: Pervious (grass, undifferentiated vegetation, bare soil,
water); Impervious (pavement, roofs).

RESULTS

The classification results with the TM and SPOT data were highly variable. The classification approach and analyst doing the
work were the two significant variables leading to the diverse results. Agreement with the photo-interpreted ground truth was as good
as - 1.4% error in the impervious class with raw TM data for the entire study area; the same analyst was able to achieve an error of
5.4% and 5.3% (again for the impervious class) for SPOT and TM radiance data, respectively. For those results, the analyst used
ISODATA training site selection followed with Minimum Distance classification.

The other analyst had a 28.3% error in impervious-class estimate using ISODATA classification and 31.3% error using
supervised Minimum Distance classification on TM radiance data. The SPOT data classification -- again using supervised Minimum
Distance classification and the same training sites as used for the TM classification -- had an impervious-class error of 18.4%.

The 3 meter per pixel NS-001 imagery Yielded consistently inaccurate results as compared to the percent-impervious class.
The impervious-class values for the best classifications ranged from -20.9% to -35.7% error, with one analyst using supervised and the
other using an unsupervised approach. It was clear that the problem is a large soil class, with reduced pavement and rooftop class
percentages. The classifications are visually deceptive because the high resolution gives the classified images the detail commonly
associated with a photograph. Unfortunately, there is the significant problem of not correctly differentiating pervious and impervious
classes. It is most likely that the higher resolution allows the spatial separation of individual elements such as sidewalks, gravel roofs,
and red-tile roofs that are spectrally similar to desert soils. The problem is further confounded by the photointerpretation being done
on imagery of a different date than the NS-001 imagery.

CONCLUSIONS

For the highly spectrally variable urban areas, unsupervised classification tends to provide superior results. There is however,
more latitude for individual analyst interpretation for the mixed-pixels present in tract home areas, and the difference may reflect
analyst abilities. With a mix of lawns, trees, roofs, driveways, and sidewalks, the decision of whether the pixels are donuinated by
vegetation, or pavement and roofs, becomes a judgment call that can significantly effect the final estimate of impervious area. A single
analyst may be consistent in his interpretation and provide highly accurate results, but there is no guarantee that a second analyst will
obtain the same results.

The problem of correctly characterizing the percentage of impervious surface through thematic classification is confounded
by the nature of the land surface elements. Trees are purposely planted to provide shade. Besides the above previously mentioned
problem of a shadow class in thematic classification, trees often obscure impervious surfaces ’in urban areas. They branch out over
rooftops, sidewalks, and streets. In the situation of weed-barrier Desert Landscaping, the canopies are usually larger than the hole in



the plastic through which they protrude. Consequently, any estimate of the pervious surface directly correlated with trees will be an
overestimate. Similarly, if Desert Landscaping covered with crushed, weathered granite -- which it usually is -- is classified as a soil,
then the contribution of soil to the pervious class will likewise be an overestimate. So, at any spatial resolution sufficient to clearly and
distinctly separate the minor landscaping elements of trees and small yards, there will be an overestimate of the pervious class.
Therefore, even if one has performed a thematic classification that is perfect, there will still be errors in the estimate of the percentage
impervious surface. In general, it seems that the more accurate the classification -- within the bounds of what is spectrally separable --
the more likely that the pervious area will be overestimated and conversely the impervious area will be underestimated.

One might compensate for this by choosing a resolution where the GSD is larger than typical tree crowns; roughly speaking
that would probably be somewhere around 5 to 10 meters. Groups of trees -- as might be found in a park -- would be identified-
Grassy areas of larger extent than typically found in modem yards would also be identified. However, small yards that are adjacent to
relatively large expanses of impervious surfaces, which receive the runoff and quickly become saturated, and thence behave as an
impervious surface, would not generally be identified. Fortuitously, the coarser resolution sensors such as Landsat TM and SPOT XS
perform spatial averaging that generally compensates for the problems encountered with the high spatial-resolution sensors. It is
difficult to find homogeneous urban training areas suitable for supervised classification; when selected sites are examined at higher
resolution, they invariably show inhomogeneity. However, reasonable results can be obtained -- and may even be superior to the
results from the high-resolution sensors -- when the solution to the problem is defined as the best estimate of the impervious area
rather than defining the solution as the best possible thematic classification.

Noting that the magnitude of the error for the NS-001 classifications is approximately equal, but opposite in sign, to the
results for the TM and SPOT supervised-classifications, it is tempting to suggest that a spatial resolution between 3 and 30 meters
would average out the errors. That hypothesis has not been tested yet, however.

It appears that VNIR multispectral data alone is inadequate to properly classify urban features when it is used at high-spatial
resolutions. It appears that an ’instrument such as TIMS (Thermal Imaging Mapping Spectrometer) will have to be used in conjunction
with VNIR multispectral instruments to separate the various man-made silicates from naturally occurring silicates.
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ABSTRACT 

As part of the U.S. Geological Survey’s Global Change Research Program, an urban growth model has been developed to
estimate the regional impact of urbanization and enhance understanding of the role of human activities in environmental change. A
cellular automaton model generates predictions of urban expansion into the next century using topography, transportation network,
and a set of growth rules. The predictions, generated as Monte Carlo probability surfaces, consist of raster layers suitable as input into
other models. An initial test using a temporal urban mapping data base for the San Francisco region illustrates how the model might be
used.

INTRODUCTION

Cities will absorb nearly as many people in the next century as are forecast to be added to the world’s total population. While
global change takes many forms, alteration of landscape by urbanization is the most striking human-induced land transformation of
the current era. In half a human lifetime, population in urban areas will double to 5 billion people between 1990 and 2025 (World
Resources Institute, 1996). This population explosion will take place over limited territory, compounding impacts on the environment.

Urbanization is a process that first took place on a large scale in Europe, then spread to North America. Most urbanization
today is taking place in developing countries throughout Asia, South America, and Africa where it is consuming agricultural lands
even as those lands become more vital to the world’s food supply system. The case of China is particularly worrisome as increasing
urbanization accompanied by rises in living standards put tremendous pressures on a squeezed agricultural land base already pro-
ducing at efficient levels (Brown, 1994). The geographic pattern and impact of urbanization needs to be understood, predicted, and
considered as alternative policies are evaluated by regional and world leaders.

The United States Geological Survey (USGS) responded to this need with the Human-Induced Land Transformations project
(HILT). Its purpose is to understand the urban transition from an historical and a multiscale perspective sufficient to model and predict
regional patterns of urbanization 100 years into the future (Kirtland, 1994). A cellular automaton urban growth model was developed
as part of this study.

MODELING URBAN GROWTH

Many approaches have been used to model urban growth and form. Beginning with the classical Central Place theory of
Walter Christaller, traditional models have an economic basis within a geometric structure. Jacobs (1961) and Portugali et al. (1995),
added additional social and ethnic dimensions. Urban planners have also favored a socio-economic approach. A recent development,
employing this strategy in a GIS context is BASS II, a model which forecasts urbanization at the regional scale for the San Francisco
Bay area (Landis, 1992). Landis’ model used an economic model of land supply and demand based on a very detailed, but highly
localized database of geographic information.

For HILT, a different approach was used. The basic assumption was that the city, when viewed from space over a decadal
time scale, seemed to grow in an "organic" way. From this vantage point, the simplifying assumptions of the classical theory seemed
out of place, the vast statistics required to support the planning models, too complex. Was there a way to simulate what could be seen
from such a vantage point more elegantly?
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Diffusion-Limited Aggregation (DLA) seemed to provide a basis. Batty and Longley (1994) had done some pioneering work,
simulating the growth of London. A group of physicists saw similarities between Batty’s results and the growth of two-dimensional
aggregates of particles. Their work resulted in another DLA model of somewhat more sophistication (Makse, 1995). White and
Engelen (1992a, 1992b) meanwhile, applied cellular automaton techniques to DLA models to predict land use change. This approach
has been widely used. The model developed for HILT is a modified version of a cellular automaton. It has the ability to modify
parameter settings when the growth rate of the system exceeds a critical high or drops below a critical low value.

THE URBAN GROWTH MODEL

The urban growth model that was developed is a scale-independent cellular automaton model written in the C programming
language (Clarke, 1996b). Input layers consist of registered grids describing existing urban land use, topographic slope, major
transportation routes, and protected lands. Five factors control the behavior of the system. A diffusion factor determines the overall
outward dispersiveness of the distribution; a breed coefficient specifies how likely a newly generated detached settlement is to begin
its own growth cycle; a spread coefficient controls how much organic expansion occurs from existing settlements; a slope resistance
factor influences the likelihood of settlement extending up steeper slopes; and a road gravity factor attracts new settlements toward
and along roads. Values for these factors are set by the user before every model run. Determining realistic values was the major
challenge during an extensive calibration stage (Clarke, et al. 1996a).

A second level of self-modifying factors is prompted by unusually high or low growth rates and in response to changes in the
road network and in the tendency for urbanization to climb steep slopes when pressures are greatest. Without self-modification the
model produces linear or exponential growth; self-modification was essential for modeling the typical S-curve growth rate of urban
expansion.

INITIAL TEST

To run the model for projecting future urban land use, the user inputs the necessary data layers and factor values. In an initial
test these consisted of data layers produced from remotely sensed and cartographic data by the Temporal Urban Mapping project for
the San Francisco-Sacramento region (Acevedo, 1996) and factor values determined in the calibration stage (Clarke, et al., 1996a).
Metrics for calibration included total urban area, number of edge pixels, number of distinct urban spatial clusters, and the Lee-Sallee
shape index.

Factor values that produced the best 1990 "prediction" when the model was started with actual 1900 conditions were used in
the initial projection. Starting with the actual 1990 conditions using the temporal urban mapping data base, 160 different runs of the
model were made using the best factor settings selected from the calibration stage.

Figure 1 shows the results of this initial test with accompanying maps of the historical pattern. Those pixels projected to be
urbanized in at least 5% of the model runs are shown in black for the years 2025, 2060, and 2100. The patterns produced show great
consistency in form illustrating the stability of the model. All of the area not in black, in both flat and steep terrain, is very rarely
projected to be urbanized by the model (less than 5% of the time) during the three time periods shown.



USES AND CONCLUSION

Results of this initial test illustrate the reasons for conducting the HILT project and creating the model. Both the mapping of
historical urban land use and the projection of change into the future sends a powerful message to scientists, land managers,
policymakers, and the public about the extent and impact of urban land transformation in the region. Being the spatial equivalent of
the common population projections, the Clarke Urban Growth Model can guide society to plan for or react to the trends indicated.
This initial test, for example, shows that concerns for the pending loss of agricultural lands raised by the American Farmland Trust
(American Farmland Trust, 1995) have much validity. Like losses in the Santa Clara Valley documented with the historical data
within the last 40 years, increased urban pressures are likely to result in new agricultural losses in the next 40, primarily in the San
Francisco-Sacramento corridor and in the San Joaquin Valley south of Sacramento. More specific observations and projections will
await a full fledged running of the model with additional hundreds of runs and varying factor settings.

A second test has already been conducted to examine impacts of pending development and conservation plans for the Sterling
Forest straddling the border between New York and New Jersey (Kramer, 1996). This example illustrates the ability to use the model
at a larger scale. Efforts are now underway to employ the model for a study of biodiversity loss potential for Santa Cruz County,
California. Just getting started is another larger scale test of the model using the temporal urban mapping data base available for
Washington-Baltimore (Crawfor et al., 1996).

Urbanization is a global change that is undeniably anthropogenic. The ability to document urban growth historically and
project future patterns has tremendous utility in focussing attention on this process so that society may plan for it and minimize its
environmental impacts.

WORLD WIDE WEB SITE

Additional information on the HILT project, the urban growth model, links to many of the references, and the C code for
running the model under UNIX are available at the project web site:

http://geo.arc.nasa.gov/usgs/hilt.html



REFERENCES

Acevedo, W., T.W. Foresman, and J.T Buchanan, 1996, Origins and Philosophy of Building a Temporal Database to Examine Human
Transformation Processes, in Proceedings ASPRS/ACSM Annual Convention, Baltimore, MD.

American Farmland Trust, 1995, Alternatives for Future Urban Growth in California’s Central Valley. Washington, DC, American
Farmland Trust, 64 p.

Batty, M. and P. Longley, 1994, Fractal Cities. London, Academic Press.

Brown, L.R., 1994, Who Will Feed China?, World Watch.

Clarke, K., S. Hoppen, and L. Gaydos, 1996, Methods and Techniques for Rigorous Calibration of a Cellular Automaton Model of
Urban Growth, in Third International Conference to Integrate GIS and Environmental Modeling, Santa Fe, New Mexico.

Clarke, K., L. Gaydos, and S. Hoppen, 1996, A Self-Modifying Cellular Automaton Model of Historical Urbanization in the San
Francisco Bay Area. Environment and Planning B, in press.

Crawford, J.S., Acevedo, W., Foresman, T.W., and Prince, W., 1996, Developing a Temporal Database of Urban Development for the
Baltimore-Washington Region, in Proceedings ASPRS/ACSM Annual Convention and Exhibition, Baltimore, MD.

Jacobs, J., 1961, The Death and Life of Great American Cities. New York, Random House.

Kirtland, D., L. Gaydos, K. Clarke, L. De Cola, W. Acevedo, and C. Bell, 1994, An Analysis of Human-Induced Land
Transformations in the San Francisco Bay/Sacramento Area. World Resources Review, v. 6, no. 2, pp. 206-217.

Kramer, J., Integrating A GIS with A Self-Modifying Urban Growth Model for Southeastern Orange County, New York. World Wide
Web, http://everest.hunter.cuny.edu/~jkramer/paper.htmI

Landis, J., 1992, BASS II: A New Generation of Metropolitan Simulation Models. University of California Working Paper 573,
Institute of Urban and Regional Development.

Makse, H.A., S. Havlin, and H.E. Stanley, 1995, Modelling Urban Growth Patterns. Nature, v. 377, no. 19 Oct. 1995, p. 608-612.

Portugali, J., 1. Benenson, and I. Omer, 1995, Spatial Cognitive Dissonance and Soci-Spatial Emergence in a Self-Organizing City.
Environment and Planning B.

White, R. and G. Engelen, 1992, Cellular Automata and Fractal Urban Form: A Cellular Modelling Approach to the Evolution of
Urban Land Use Patterns. Research Institute for Knowledge Systems Working Paper 9264.

White, R. and G. Engelen, 1992, Cellular Dynamics and GIS: Modelling Spatial Complexity: Research Institute for Knowledge
Systems Working Paper 9263.

World Resources Institute, 1996, World Resources 1996-97. New York, Oxford University Press, 365 p.



SESSION B-1
Landsat-7

Chair: Michael Mignono, National Oceanic and Atmospheric Administration

Landsat 7: Today and Tomorrow
A. Obenschain and D. Williams, K. Dolan and J. Andary, NASA/Goddard Space Flight Center

Landsat 7 Follow-on Mission Concepts
and the New Millenium Program Earth Observer 1 Mission

Darrel L. Williams, James R. Irons and Stephen G. Ungar, NASA/Goddard Space Flight Center

Terrestrial Vegetation Seasonality in the Landsat-7 Long-Term Acquisition Plan
Samuel N. Goward, Ralph Dubayah and Jonathan Haskett, University of Maryland



LANDSAT 7: TODAY AND TOMORROW

A. Obenschain, D. Williams, K. Dolan and J. Andary
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Abstract - In May of 1998, NASA’s Mission to Planet Earth Program will launch the Landsat 7 satellite with the mission of acquiring
and periodically refreshing a data set of the global land mass. The system is required to receive, capture, process to Level OR and
archive 250 Enhanced Thematic Mapper Plus (ETM+) scenes per day at the Earth Resources Observation System (EROS) Data Center
Distributed Active Archive Center (EDC DAAC) in Sioux Falls, South Dakota. Up to 100 digital scene products per day can be
distributed to users at the cost of fulfilling the users’ requests. Up to 25 of these scene products can be radiometrically and
geometrically corrected to Level 1G with the others being Level 0R. This will significantly enhance the quantity and availability of
data for users throughout the world. In addition, International Ground Stations will acquire Landsat 7 data within their local area.

This paper will describe the Landsat 7 mission and the technical aspects of the spacecraft, instrument and ground system.
Discussions about the instrument will stress the improved capabilities over the Thematic Mapper flown on Landsats 4 and 5.
Improvements include a requirement for 5 percent absolute radiometric calibration. To meet this requirement, two new calibration
sources were added to the instrument. The spatial resolution of the thermal band (10.4 - 12.5 µm) was improved from 120 meters to 60
meters, and a panchromatic band was added with a spatial resolution of 15 meters. The spacecraft will downlink continental U.S. and
Alaskan data, in real time, to sites at EDC and near Fairbanks, Alaska. In addition, it is carrying a 378 Gigabit new technology solid
state memory that can store up to 100 ETM+ scenes for later downlink to either of the two U.S. ground stations.

Management of the Landsat 7 program is divided among three government agencies. NASA is responsible for the
development, integration, launch and on-orbit checkout of the satellite and instrument, as well as the development, integration and
checkout of the ground system. The National Oceanic and Atmospheric Administration (NOAA) is responsible for the operations of
the satellite and the mission management functions after turnover from NASA 90 days after launch. The U.S. Geological Survey
(USGS) is responsible for the operation of the ground data handling system, which includes data archive and distribution through the
EDC DAAC.

INTRODUCTION

Since the launch of the first Landsat in 1972, the Landsat Program has provided over 24 years of calibrated, high-spatial
resolution land surface data to a broad user community including international users, the agricultural community, global change
researchers, state and local governments, commercial users, and the military. The Landsat 5 satellite, which was launched in 1984, has
operated well beyond its 3-year design life. It represents the only current source of global high-spatial resolution data to correlate with
two decades of continuous Landsat observations.

The 1992 Land Remote Sensing Policy Act identified data continuity as the fundamental goal of the Landsat Program. This
legislated goal is entirely consistent with the scientific mission of Landsat 7, which is to provide data that are sufficiently consistent in
terms of acquisition geometry, spatial resolution, calibration, coverage characteristics, and spectral characteristics with previous
Landsat data to meet requirements for global change research and other uses. The Enhanced Thematic Mapper Plus (ETM+)
instrument on Landsat 7 will improve upon the scientifically essential capabilities of the Landsat 4 and 5 Thematic Mapper
instrument, which are: repetitive, synoptic coverage of continental surfaces; spectral bands in the visible, near-infrared, short-wave,
and thermal infrared regions of the electromagnetic spectrum; spatial resolution of 30 meters; and absolute radiometric calibration. No
other current or planned remote sensing system matches this combination of capabilities.

In 1994, Landsat was made a part of The National Aeronautics and Space Administration’s (NASA) Mission to Planet Earth
program. This is one of the agency’s high priority programs to help further the understanding of the Earth system. On May 5, 1994,
Presidential Decision Directive, NSTC-3, established Landsat as a tri-agency joint program with NASA, the National Oceanic and
Atmospheric Administration (NOAA), and the U.S. Geological Survey (USGS).

NASA is responsible for the development of the spacecraft, instrument, launch vehicle, and ground system.[Ref. 1] It is also
responsible for launching the satellite, performing on-orbit checkout and instrument calibration before turning the system over to
NOAA who is responsible for operation of the Landsat system for the life of the program. The USGS will be NOAA’s operational arm
for data capture, processing, archive and distribution, including the maintenance of the National Remote Sensing Archive of Landsat
data.



MISSION OVERVIEW

The Landsat 7 satellite, with a mass of approximately 2150 kg (4730 lbs.), is designed, built and integrated by the Lockheed
Martin Missiles and Space Company of Valley Forge, Pennsylvania. [Figure 1] The satellite carries a single instrument, the Enhanced
Thematic Mapper Plus (ETM+), built by Hughes Santa Barbara Remote Sensing of Santa Barbara, California. The satellite will be
launched by a McDonnell Douglas Delta II launch vehicle from the Western Test Range, Vandenberg Air Force Base, California.

Just as Landsats 4 and 5, the Landsat 7 satellite will operate in a repetitive, circular, sun-synchronous, near-polar orbit at a
nominal altitude of 705.3 km with an orbital period of 98.9 minutes, completing 14 9/16 orbits per day and viewing the entire earth
every 16 days. The descending portion of the orbit is in daylight with a nominal 10:00 a.m. equatorial crossing time. The actual local
time at each descending node varies slowly, as the inclination of the orbit plane changes. Orbit adjustments are planned to maintain
orbit inclination within limits, such that descending node times remain within 15 minutes of nominal. The Landsat 7 ground track will
be referenced to the Worldwide Reference System (WRS) with a repeat accuracy of ±5 km at the equator. The WRS is a global
notation system for Landsat 4, 5 and 7 data. It enables a user to inquire about satellite imagery over any portion of the world by
specifying a nominal scene center designated by "path" and "row" number. The WRS facilitates the cataloging, referencing, and
day-to-day use of imagery transmitted from the Landsat ETM+ sensor due to the repetitive nature of the Landsat orbit. The 16-day
ground coverage cycle is accomplished in 233 orbits, hence the 233 paths of the WRS.



Instrument Design

The Enhanced Thematic Mapper Plus (ETM+) is a derivative of the Thematic Mappers developed for previous Landsats. The
ETM+ is a nadir-viewing, multispectral, cross-track scanning radiometer capable of providing high resolution imagery of the Earth’s
surface. [Figure 2] It is designed to collect, filter and detect radiation from the Earth in a 185 km wide swath. Like previous Landsat
instruments, the ETM+ employs a scan line corrector to remove the under] ap/overlap in scan lines resulting from the scanning and
orbital motions.

The ETM+ has four spectral bands in the visible and near infrared (VNIR) region, and one Panchromatic (Pan) band; all
VNIR and Pan band detectors are located on a newly developed monolithic silicon detector array on the Prime Focal Plane Assembly
(PFPA). There are also two shortwave infrared (SWIR) bands using Indium Antimonide (InSb) detectors and a longwave infrared
(LWIR) or thermal band using photoconductive Mercury Cadmium Telluride (HgCdTe) detectors. These are located on the Cold
Focal Plane Assembly (CFPA) which is maintained at a nominal temperature of 90° K.

The VNIR and SWIR bands employ staggered detector arrays of 16 elements mounted along track, each element having a
"footprint" of 30 m on the ground. The eight elements of the LWIR array each have a 60 m footprint which is an improvement by a
factor of two over previous Landsats. The Pan band, which has not flown on previous missions, consists of a staggered array of 32
elements, each having a 15 m footprint. The ETM+ band descriptions are summarized in the table above. Figure 3 shows the focal
plane layouts as projected onto the earth.



Detected signals are passed through an analog amplifier chain in the scanner electronics and then sent to the Auxiliary
Electronics Module (AEM). The AEM, which is a new design for the ETM+, contains two fully redundant multiplexers. The analog
signals from the scanner detector channels are converted into 8-bit digital words. High and low gain states are ground-selectable for
each band by commanding the A/D converter reference voltage. The ratio of high to low gain is 1.5:1 for the spectral bands. An output
formatter generates an error detection and correction code, formats the data according to Consultative Committee on Space Data
Systems (CCSDS) recommendations, combines it with attitude information supplied by the spacecraft and provides the data on two 75
Mbps channels. One channel contains format 1 data, or data from bands 1-6. The other channel contains format 2 data, or data from
bands 6, 7 and 8 (Pan). Band 6 is present in both formats. All detector channels are available on the two output channels from either
one of the AEM multiplexers.

Instrument Calibration

The sensor will be calibrated on-orbit using the On-Board Calibrator assembly which presents a lamp and a blackbody source
to the detector arrays to calibrate the reflective and thermal bands respectively at the end of each scan. The ETM+ also contains two
new solar calibrators. A Partial Aperture Solar Calibrator (PASC) relays an image of the sun into the sensor aperture once per orbit
approximately at spacecraft sunrise. A Full Aperture Solar Calibrator (FASC) will be deployed approximately once per month to fill
the entire sensor field-of-view with diffuse solar radiation. The ETM+ will also be calibrated through ground truth methods. Data from
these four calibration methods will be combined on the ground to generate optimal calibration coefficients to meet a requirement for 5
percent overall radiometric accuracy, which is a 2-3 times improvement over previous Landsats.

FASC is a white painted panel that can be deployed in front of the ETM+ aperture to diffusely reflect solar radiation into the
full aperture of the instrument. [Ref. 2] The active surface of the FASC is painted with the classic formulation of YB71, an inorganic
flat white paint designed for spacecraft thermal control. This paint was selected for its near Lambertian properties, high reflectance
and apparent stability in a space environment.

The mechanical design of the FASC consists of a one piece panel that rotates or pivots into position beneath the aperture.
This design was selected for its simplicity and reliability. The panel is stored away from the aperture against a stow cover, which
protects the calibration surface from UV radiation and limits its exposure to contaminants. When a calibration is required the panel is
rotated into position in front of the aperture as shown in Figure 4.

When in the calibrate position the angle between the sensor nadir vector and the panel normal is specified to be 23.5°. An
angle greater than 24° would allow earth shine to illuminate the pane when it is in use. The panel can be illuminated by the sun from
90° zenith angle (sunrise on panel) to about 67° zenith angle, above which the instrument begins to shade the panel.

Geodetic Accuracy and Payload Correction Data

The Landsat system has a requirement to locate a scene relative to the geodetic reference to an accuracy of 250 meters (1σ) in
both the along-track and the cross-track directions. To do this requires an accurate knowledge of the state of the spacecraft (such
information as clock, ephemeris, attitude angles, attitude rates and jitter motion). This information is collected by the spacecraft and
supplied to the instrument AEM so that it can imbed the information into the image data to be transmitted to the ground as an



integrated wideband data stream. This imbedded information is called the Payload Correction Data (PCD) and it makes the wideband
data stream self-contained by giving the data users all the information they need about the spacecraft in order to accurately register the
images without becoming involved with the spacecraft narrowband housekeeping data stream.

Just as on Landsats 4 and 5, jitter motion will be determined by a combination of the gyro data and data from a sensor called
the Angular Displacement Assembly (ADA). The gyros measure rates in all three spacecraft axes and are contained in the Inertial
Measurement Unit (IMU) which is mounted to the backside of the instrument mounting plate. The gyros sense the low frequency
motion of the instrument (from 0 Hz to 2 Hz). The ADA, which is mounted directly to the instrument structure, contains three angular
displacement accelerometers to measure the motion of the instrument in the frequency range of 2 Hz to 125 Hz in all three axes. The
gyro data and the ADA data form part of the PCD and are used by the ground processing software to correct discontinuities in the data
caused by jitter motion.

Data Record and Transmission

The two instrument data streams of 75 Mbps each can either be transmitted real-time to the ground and/or recorded on-board
the satellite for later transmission to one of the U.S. ground stations. The satellite’s solid state recorder has a capacity of 378 Gbits.
This will permit storage of 100 ETM+ scenes of 3.6 Gbits each for later downlink via X-band frequency to one of the two U.S. ground
stations - the primary station at the Earth Resources Observation System (EROS) Data Center in Sioux Falls, South Dakota, or at a
second station to be located near Fairbanks, Alaska.

The satellite is capable of real-time 150 Mbps transmission to as many as three International Ground Stations (IGS)
simultaneously for a total of 450 Mbps, or simultaneous transmission to one U.S. ground station at 300 Mbps and another IGS (e.g.,
Canada) at 150 Mbps. The 300 Mbps permits solid state recorder playback at effectively twice the record rate. It also permits
simultaneous recorder playback and real-time imaging while over the continental United States. X-band communications is
accomplished using three steerable X-band antennas which are connected via a series of switches to four transmitters. Using the
on-board ephemeris information and the geolocation of each of the ground stations, the satellite can track up to three scheduled ground
stations with the antennas. A narrow, 7-degree antenna beam focuses the data on the particular station requesting the transmission.

The Landsat 7 solid state recorder is designed and built by Lockheed Martin Communications Systems of Camden, New
Jersey. [Figure 5] It incorporates a unique "3 -dimensional" stacked memory design that packs 64 Mbits into a single module. Each
module contains four 16-Mbit Dynamic Random Access Memory (DRAM) Plastic Encapsulated Microcircuits (PEMs) arranged in a
stacked configuration. The memory modules are mounted 256 to a card for a total of 16 Gbits per card. There are 24 such cards in the
recorder which yields approximately 400 Gbits at beginning of life. This allows for a graceful degradation in memory modules to meet
an end-of-life requirement of 378 Gbits after 5 years, which is an approximately 100 scene storage capacity. A redundant
cross-strapped controller board manages the data going into and out of the memory cards. The recorder can record the two 75 Mbps
data streams from the instrument for a total input rate of 150 Mbps. It can play back the data at 300 Mbps, twice the record rate.



Occupying a volume of 3.7 cu. feet and weighing approximately 180 lbs., the solid state recorder is much smaller and lighter
and has a greater storage capacity than an equivalent complement of mechanical tape recorders. The solid state recorder is also
inherently more reliable and has significant operational advantages. For example, blocks of data can be accessed directly without
"rewinding" the recorder to locate the data. There are also no moving parts to wear out and no imparted momentum to disturb the
high-resolution imaging.

OPERATIONS CONCEPT

The Landsat 7 operations concept is based on a primary mission goal to generate and periodically refresh a global archive
with substantially cloud-free, sunlit land mass scenes. In order to reach this goal the Landsat science office is developing what is
known as the Long Term Plan. This plan defines the acquisition strategy for the ETM+ data over the lifetime of the Landsat 7 mission
and forms the basis for scheduling the ETM+ acquisitions to maximize the global archive refresh mission while incorporating known
science community requirements. The Long Term Plan is a file containing the proposed acquisition conditions and frequency for each
of the WRS land scenes. The scheduler software starts with the Long Term Plan when it sets priorities for each day’s acquisitions.
Factors such as cloud cover predicts, instrument calibrations, sun angle constraints, and special requests, are then taken into
consideration during generation of the daily imaging schedule.

Mission planning and satellite operations will be conducted from the Mission Operations Center (MOC), located at the
Goddard Space Flight Center in Greenbelt, Maryland. The MOC is responsible for the daily scheduling of the instrument as well as
the health and safety of the satellite. A narrowband communications system on the satellite is used for receiving commands from the
MOC and for transmitting the engineering data that is used by the MOC for monitoring the health and safety of the satellite.
Redundant S-band transponders are cross-strapped to two hemispherical antennas, one on the zenith side and one on the nadir side of
the satellite. The zenith antenna is used to communicate through the Tracking and Data Relay Satellites (TDRS) for low bit-rate
command and status information and for two-way Doppler tracking information. The nadir antenna is used to communicate through
the four ground station sites which make up the ground network for the Mission to Planet Earth. These ground stations are located at
EDC in Sioux Falls, South Dakota and sites near Fairbanks, Alaska, Wallops Island, Virginia, and Svalbard, Norway. All four of these
sites are also configured to receive the X-band science data from Landsat and the other satellites that comprise the Mission to Planet
Earth.

The primary site for commanding the satellite is the station near Fairbanks, Alaska. Because of its high latitude, it can
transmit during as many as nine passes every day. Its geographic location is also ideal. The long daylight Pacific passes after leaving
Alaska means that there will be no imaging planned. This is the best time for uploading new stored command tables with the next
day’s schedule, uploading the new ephemeris and making spacecraft clock adjustments.

As stated previously, the Landsat image data is normally captured at two sites: EDC, Sioux Falls, South Dakota, and near
Fairbanks, Alaska. In cases of severe schedule conflicts with other satellites, the station in Svalbard, Norway could also be used. This
high-latitude Norwegian site also has the advantage of seeing Landsat on every orbit. The primary site for downloading wideband
image data is EDC. This is a logical choice because of its central location which allows complete, real-time coverage of the
contiguous 48 states. Also all the data processing, archiving and data distribution systems are housed at EDC.

Landsat 7 will also perform direct downlink to international ground stations (IGS) according to agreements negotiated with
each station. These stations are located as shown in Figure 6. Landsat can transmit to three IGSs simultaneously in the regions where
there is overlapping station coverage. Considering the recorded data, the real-time coverage of the United States and the scenes
transmitted to the IGSs, Landsat 7 will be imaging an average of 532 scenes each day out of approximately 850 WRS land scenes
available worldwide. At 3.6 Gbits per scene this represents almost 2 Terabits of data transmitted to the ground each day.



Data Capture and Processing

All of the data processing for Landsat 7 will be performed at EDC. Using a 10-meter antenna, the Landsat ground station at
EDC receives two, 150-Mbps data streams from the satellite as it passes over the EDC site five or six times each day. These two data
streams, representing format 1 and format 2 data, are captured by the processing system.

One of the top-level requirements for the Landsat 7 system is to capture, process and archive 250 scenes per day. However,
the 5 or 6 passes over EDC each day are not enough to capture all of the 250 scenes. Therefore the station in Alaska will be used to
supplement EDC in capturing the data and providing real-time coverage of this important state. Alaska data, although it may arrive on
tape or disk, will appear to the processing system as though it was captured at EDC.

Once it has been captured, the data is fed in pipeline fash i on through the processing computers to produce the Level OR
data, metadata and browse data. [Level 0R data refers to reformatted but unrectified instrument data to which is appended spacecraft
attitude and ephemeris data, radiometric calibration data and quality data.] These are then sent for archiving and distribution to the
users.

The first steps in Level 0R processing are CCSDS decoding and the error detection and correction processing. Next,
instrument major frames are assembled and data subintervals are determined. A subinterval is defined to be a subset of data with
continuous timecode. Subintervals are the data granules for the processing system. Extraction of calibration and mirror scan correction
data (MSCD) from the major frames for each scan line and accumulation of the PCD is performed next. The bands are then
deinterleaved and reversed, forward and reverse scans are aligned, the PCD data is assembled into cycles, and scene identification is
performed. Next, the scene center location is determined and the corner points are calculated. These data, along with data quality
statistics, are assembled into a metadata file that will accompany the Level OR product.

The image data is aggregated into band files and a browse file is generated for format 1 data (bands 1-6). Cloud cover
assessment is performed on radiometrically corrected format I data. A new algorithm for automated cloud cover assessment has been
developed for Landsat 7. In recent prototype testing this new algorithm has shown significantly improved performance over previous
algorithms.

The final Level OR product is assembled and made available for transfer to the archive. The product comprises: 9 band files
(band 6 from both format 1 and 2); PCD, MSCD, and calibration data files for each format; browse image file (format 1 only); and a
metadata file.



Processing elements that are part of the Mission to Planet Earth at EDC will access the Landsat Level 0R data that is stored in
the Distributed Active Archive Center (DAAC) and produce up to 25 radiometrically corrected Level 1R and systematically corrected
Level 1G digital images per day in response to user requests. The Level IR digital images will be radiometrically corrected but will
not be geometrically resampled. The Level 1G data will be radiometrically corrected and resampled for geometric correction and
geographic registration. The user will be able to specify several processing options, such as projection, grid size, spectral bands, output
format, etc. The systematically corrected Level 1G digital images will be produced to a geodetic accuracy of 250 meters (1σ) and the
pixel-to-pixel registration between bands to an accuracy of a fraction of a pixel.

Data Archiving and Distribution

All the Landsat image data that is processed by the Landsat processing system is archived in the DAAC at EDC. This
includes the 250 scenes processed at EDC each day together with the accompanying PCD, MSCD, calibration data files, browse image
files and metadata files. It does not include the 25 Level 1R and Level 1G products. In addition, the DAAC also archives the metadata
files from the IGSs but the IGS browse or image data must be ordered directly from the IGSs.

The DAAC will have the capability to distribute up to 100 data products to users each day. These are Level 0R products of
which up to 25 can be Level 1G products. Once the data product is available, the DAAC distributes it in response to user orders.
Queries and requests for browse data are supported free of charge for any user. Level 0R and Level 1 product orders are accepted from
any user and are billed at the cost of fulfilling user requests (COFUR). These prices are expected to be significantly less than current
commercial costs for comparable data.

Scheduling of ETM+ acquisitions is not based on individual user requests but on the Long Term Plan developed by the
Science Office to maximize the global archive refresh mission while incorporating known science community requirements. Cloud
cover forecasts are used during the scheduling process to prioritize acquisitions over substantially cloud-free land mass. The goal is to
meet the user needs with the data that is in the archive and which is periodically refreshed. The data over the contiguous 48 states and
Alaska are continuously refreshed, so individual user requests for scenes of the United States will be automatically satisfied by the
present acquisition plan. However, some special requests, primarily for environmental and national emergencies, will be incorporated
into the scheduling as required. Plans are in process to define a mechanism for accepting individual user requests over non-U.S. land
masses and possibly incorporating them into the scheduling process.

Image Assessment

The Landsat 7 ground system design includes an Image Assessment System (IAS) to provide the ancillary information
needed to generate useful, radiometrically calibrated, geometrically corrected ETM+ digital imagery.[Ref. 3] The Landsat Project
Science Office at NASA/Goddard Space Flight Center is overseeing the development of the IAS in conjunction with personnel at the
EROS Data Center. Their objectives are to design and build a system to:

(1) Assess the quality of a small sample of the Level 0R data archived by the DAAC;

(2) Calibrate the on-orbit radiometry and geometry of the ETM+ and satellite; and

(3) Provide the resulting correction and registration parameters to the DAAC for generation of Level 1 products, for
distribution to users ordering Level 0R ETM+ data or in response to user requests for the parameters.

To meet these objectives, the IAS must perform the following functions:

(1) Radiometrically correct and geometrically register Level 0R ETM+ data to create Level 1 digital image data;

(2) Perform radiometric calibration;

(3) Perform geometric calibration; and

(4) Evaluate data quality.

These functions are highly interrelated and a great deal of feedback will occur in the performance of the four functions. The
IAS will perform these functions on a very small sample of the data acquired by the ETM+ and archived in the DAAC. The IAS will
typically retrieve between one and five ETM+ scenes per day from the DAAC. The retrieved data will be exactly the same as the
Level 0R data provided to all users.



The IAS incorporates new instrument radiometric artifact correction and absolute radiometric calibration techniques which
overcome some limitations to calibration accuracy inherent in historical calibration methods.[Ref. 4] Knowledge of ETM+ instrument
characteristics gleaned from analysis of archival Thematic Mapper (TM) in-flight data and from ETM+ prelaunch tests allow the
determination and qualification of the sources of instrument artifacts. This a priori knowledge will be utilized in IAS algorithms
designed to minimize the effects of the noise sources before calibration, in both ETM+ image and calibration data. Gain and bias
estimates for each ETM+ detector that are derived from onboard calibrators are tracked with ground based measurements, and with
prelaunch measurements of instrument gains and biases as part of a Combined Radiometric Model (CRaM), to yield improved
estimates of absolute gain and bias per channel. Trends in these instrument parameters are observed and recorded, allowing for the
development of analytic models of detector gain and bias as functions of time and instrument state. IAS radiometric calibration
methodology, utilizing precalibration artifact correction in conjunction with CRaM gain and bias determination, provides a more
consistent absolute calibration of the ETM+ than that possible with historical TM calibration approaches.

In summary, the IAS will assess ETM+ data quality and calibrate the sensor radiometry and geometry. The information
provided by the IAS will facilitate the production of digital image data with an absolute radiometric accuracy of 5 percent,
band-to-band registration of 0.3 pixels, and geodetic registration to 250 m (1σ) without ground control.

Constellation Flying with EOS AM- I

In 1998, two significant components of NASA’s Mission to Planet Earth program, Landsat 7 and the first Earth Observing
System, morning equator-crossing platform (EOS AMI), are scheduled to be launched into the same 705 km, sun-synchronous orbit.
Landsat 7 will carry the Enhanced Thematic Mapper Plus sensor, while the premier instrument on the EOS AMI platform will be the
Moderate Resolution Imaging Spectrometer (MODIS).

In contrast to the ETM+, the MODIS sensor on the EOS AMI platform will:

(1) Cover a ground swath of 2048 km,

(2) Provide approximately 1 km spatial resolution at nadir in 29 bands covering the VNIR, SWIR and TIR regions at 12 bit
quantization, plus two VNIR bands at 250m and five VNIR/SWIR bands at 500m spatial resolution, and

(3) Yield complete global coverage every two days.

Plans [Ref. 5] call for the two spacecraft to be placed in a same-day orbit, spaced 15 - 60 minutes apart, i.e., ideally equatorial
crossing times of 10:00 a.m. for Landsat 7 and 10: 15 a.m. for EOS AMI. Thus, multispectral data having both high (30m) and
medium-to-coarse (250m-1000m) spatial resolution will be acquired repetitively on a global basis under nearly identical atmospheric
and plant physiological conditions. It is expected that significant benefits will be realized by utilizing these data in a multistage,
multispectral sampling approach. The benefits of bringing the Landsat and EOS AM data streams closer together include calculation
of continental and global fields of vegetation properties; cross-scale product integration and validation; radiometric rectification of
MODIS data; atmospheric correction of Landsat data; temporal interpolation of Landsat data; and linking the EOS data to the 20+ year
Landsat archive. Thus, products generated by each system would be greatly enhanced by data from the other. In fact, NASA has
endorsed the concept of jointly flying an advanced technology TM-class instrument with MODIS on the EOS AM2 platform
scheduled for launch in 2004.

CONCLUSION

The Landsat legacy will be extended with the 1998 launch of the newest satellite in the series, Landsat 7, which will provide
data continuity in bridging the gap between the Landsats of the past and the new instruments to be flown as part of Mission to Planet
Earth. But Landsat 7 goes beyond the previous missions by introducing improvements in radiometric calibration accuracy, instrument
performance, satellite data storage and ground data processing. As a result, the user community will have ready access to a global
archive of land image data which is consistent with the earlier Landsat data but is better and more affordable.
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ABSTRACT

The Land Remote Sensing Act of 1992 established Landsat data continuity as the fundamental goal of Landsat 7 and Landsat
follow-on missions. The Landsat 7 mission will preserve data continuity by orbiting the Enhanced Thematic Mapper Plus (ETM+)
sensor, a sensor based on the heritage design of the Thematic Mapper (TM) instruments aboard Landsat 4 and 5. Although the TM’s
have proved reliable and long-lasting, the ETM+ will clearly be the last Landsat sensor based on the 1970’s TM design heritage.
NASA’s challenge is to utilize advanced designs, technologies, and operating concepts to reduce the cost of future Landsat missions,
while preserving the mission objectives and the essential characteristics of Landsat data. In this paper, efforts to infuse advanced
technologies into Landsat follow-on missions are discussed. These efforts include recent plans to launch a New Millennium Program
(NMP) Earth Orbiter 1 (EO-1) satellite in May, 1999. A major objective of NMP EO-1 will be to develop, test, and demonstrate
advanced technologies potentially applicable to a Landsat Advanced Technology Instrument (LATI). The NMP EO-1 mission will
include components allowing for the evaluation of advanced multispectral capabilities, hyperspectral devices, atmospheric correction
hardware and approaches, and autonomous spacecraft operation for inclusion in the LATI design. NASA expects to launch aboard the
Earth Observing System (EOS) AM2 platform in 2004 a LATI that advances the Landsat mission objectives. To accommodate a LATI
aboard AM2, the design must reduce the size, weight, power consumption, and cost of the sensor relative to the TM heritage. These
steps will be necessary to maintain Landsat data continuity well into the 21st century.

INTRODUCTION

The Land Remote Sensing Policy Act of 1992 (Public Law 102-555) provided the U.S. Government with guidelines for the
development of Landsat 7 and follow-on land remote sensing missions. Following this act, a 1994 Presidential Decision Directive
(PDD) from the National Science and Technology Council (Landsat Remote Sensing Strategy; PDD / NSTC-3) established the current
government management strategy for the Landsat program. ’Me directive gave the National Aeronautic and Space Administration
(NASA) responsibility for Landsat program development while assigning the National Oceanic and Atmospheric Administration
(NOAA) the task of post-launch Landsat 7 operations and the U.S. Geological Survey (USGS) the job of Landsat 7 data archival and
distribution. Given the responsibility for building and launching Landsat 7, the NASA Mission to Planet Earth (MTPE) Office
explicitly adopted the Landsat program as an integral component of its Earth Observing System (EOS). This paper discusses recent
efforts to more fully incorporate the Landsat program into the EOS program while following the guidelines of P.L. 102-555 for the
development of Landsat 7 and Landsat follow-on systems. For a summary of the details and status of the Landsat 7 Project, please
refer to the paper by Obenschain et al. (1996), which can be found elsewhere within these Pecora 13 Proceedings.

LANDSAT 7 MISSION OBJECTIVES

The mission objectives for Landsat 7 and follow-on system concepts now derive from several sources. First, P.L. 102-555
mandates specific goals with guidelines for meeting these goals. In particular, the law states that "the fundamental goal of the Landsat
Program Management is the continuity of unenhanced Landsat data." The law defines continuity as data that are "sufficiently
consistent (in terms of acquisition geometry, coverage characteristics, and spectral characteristics) with previous Landsat data to allow
comparisons for global and regional change detection and characterization." Second, as a component of the EOS, mission objectives
must lead to a vital role for Landsat within the larger system. Finally, the 24-year heritage of the program (as of July, 1996) has
created a broad and diverse constituency of users applying Landsat data to a wide spectrum of tasks. This constituency encompasses
the commercial, academic, government agency (federal, state, and local), national security and international communities. The future
data needs of this established constituency also drive the mission objectives. Their needs are entirely consistent with the goals of the
public law and the role of Landsat within the EOS.

Landsat 7 and follow-on systems must achieve the following mission objectives to satisfy the public law, to fulfill a vital role
in the EOS, and to meet the data requirements of the user community.



1) The Landsat program must afford synoptic and repetitive coverage of the Earth’s continental surfaces at a high
spatial resolution. Many important land cover characteristics, changes, and processes originate and progress at scales
requiring spatial resolution on the order of 30 m for detection and monitoring. Deforestation serves as just one
prominent example of such land processes. People will continue to need Landsat data to detect and track seasonal
and episodic changes in land cover, land use, and land processes. Other EOS sensors will afford more frequent, up to
daily, global coverage but only at coarse spatial resolutions. Landsat sensors must complement the other EOS
sensors by providing less frequent, seasonal, global coverage at a higher spatial resolution.

2) Landsat 7 and follow-on missions must provide spectral coverage of the visible/near infrared (VNIR) and shortwave
infrared (SWIR) regions. The heritage TM spectral bands cover this spectral range and each band has its important
applications. The rationale for selecting these bands has proven sound over the last 14 years of TM data collection
(i.e., since July, 1982) from Landsat 4 and 5. Landsat sensors must cover the spectral region to ensure continuity,
meet current and future user requirements, and advance the applications of Landsat data.

3) Landsat 7 and follow-on missions must afford calibration of absolute radiometry and of image geometry. People
now commonly use Landsat data together with other types of geographic data, including data from other spaceborne
sensors, and compare current data with historic Landsat data. Geometry must be calibrated to register Landsat digital
image data to cartographic bases and incorporate the data into geographic information systems (GIS). Radiometry
must be calibrated to afford meaningful comparisons to data from other sensors, to allow more effective
comparisons to historic data for change detection and characterization, and to permit atmospheric corrections.

4) Landsat 7 and follow-on missions must be integrated into the EOS. The design and operations of the Landsat sensors
must complement the other EOS sensors and promote the synergistic use of data from all the sensors. The NASA
MTPE program cannot afford or justify a Landsat system that is not fully incorporated into the broader EOS
program.

LANDSAT 7 AND THE EARTH OBSERVING SYSTEM

NASA has recently taken several actions to more fully integrate Landsat 7 into the EOS program. First, NASA recently
selected, via a NASA Research Announcement (NRA-95-MTPE-03), a Landsat 7 Science Teams. Specifically, the NRA solicited
team-member proposals to "apply Landsat data to the understanding of the Earth as a complex, coupled, interactive system and to the
understanding and monitoring of global change." The team is expected to advance the scientific integration of Landsat 7 ETM+ data
with data from the other EOS sensors.

A second action endorsed recently by NASA’s MTPE Office involves flying Landsat 7 in an orbit closely coupled to the
EOS-AM1 orbit. This decision was possible because both satellites will carry sensors designed for land imaging and both satellites are
on schedule for 1998 launches into similar orbits. Both orbits will be circular, sun-synchronous, and near-polar with altitudes of 705
km and inclination angles of 98°. The satellites will both fly over the sunlit portion of the Earth during the descending (north-to-south)
nodes of their orbits and both satellites will cross the equator in mid-morning. Thus, the concept endorsed recently calls for the EOS-
AM1 platform to follow the ground track of Landsat 7 with a delay of 15 to 30 min. Ideally, Landsat 7 will pass over the equator at
approximately 10:00 a.m. local solar time, with EOS-AM1 crossing at the same point between 10:15 and 10:30 a.m. This coordination
will allow near-coincident observations of land surfaces with the high resolution Landsat 7 ETM+ and the MODIS (Moderate
Resolution Imaging Spectrometer), MISR (Multi-angle Imaging SpectroRadiometer), CERES (Clouds and Earth’s Radiant Energy
System), and ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) imaging sensors aboard EOS-AML
These near-coincident observations should promote synergistic applications of data from the two satellite platforms.

FOLLOW-ON LANDSAT SENSOR DESIGN CONCEPTS

The Landsat 7 ETM+ will be the last Landsat sensor based on the 1970’s TM multispectral scanner design heritage. Although
the TM’s have proven to be reliable and long-lasting, the design results in an instrument that is too expensive for a Landsat follow-on
system. NASA is striving to reduce the cost and improve the performance of the next generation of EOS satellites by using advanced
technologies to reduce the size, mass, and power consumption of sensors and satellites. In addition, P.L. 102-555 directs NASA to
demonstrate "advanced sensor capabilities suitable for use in the anticipated land remote sensing program" and to demonstrate "an
advanced land remote sensing design that could be less expensive to procure and operate." Further, the EOS-AM2 platform could
potentially accommodate a small, light, efficient Landsat sensor to simplify coincident observations with the other EOS-AM sensors.

These considerations prompted NASA to begin planning for the incorporation of a Landsat Advanced Technology Instrument
(LATI) into the EOS-AM2 payload, scheduled for launch in 2004. Engineers and scientists at NASA /Goddard Space Flight Center
(GSFC) have evaluated two preliminary LATI designs: one based on providing TM-like broad band spectral coverage, and another



designed to acquire hyperspectral data using a multi-layer linear wedge filter to achieve spectral dispersion. ’Me designs employ either
linear detector arrays or area detector arrays operated in the pushbroom mode to reduce sensor size, mass, and power consumption, to
improve signal-to-noise radiometric performance, and to eliminate moving parts. Both designs lead to sensors that meet the mission
objectives given above. Each design has been used to estimate sensor cost, size, mass, and power consumption and to identify
advanced technologies requiring development and demonstration. For a more detailed summary of both design concepts, please refer
to Williams et al. (1995).

Both of these LATI designs incorporate advanced technologies that have not been demonstrated extensively in space -- in
fact, some have not been flight validated in a space environment at all. NASA initiated in 1995 a "New Millennium Program" (NMP)
to quickly validate, in-flight, such high-risk technologies. The goal of the NMP is to identify and validate key technologies leading to
the development of small, autonomous spacecraft. These developments are expected to lower the cost and improve the performance of
future scientific missions. During late 1995 and early 1996 six Integrated Product Development Teams (IPDT’s) were formed by
NASA, on a competitive basis, to identify breakthrough technologies applicable to a variety of NASA missions and which were
mature enough for near-term validation aboard NMP spacecraft. The IPDT’s quickly identified a VNIR / SWIR land-imaging sensor
as a prime candidate for an early NMP mission, and on March 22, 1996, a high resolution land-imaging mission was endorsed as the
first NMP mission, and is known as the Earth Orbiter 1 (EO-1) mission. This EO-1 mission will test technologies potentially
applicable to a LATI of to follow-on missions even further into the future.

NEW MILLENNIUM PROGRAM (NMP) EARTH ORBITER 1 MISSION

The underlying purpose of the NASA’s New Millennium Program is to promote the development and application of new
technologies to meet NASA’s science research requirements in the 21st century. A series of deep space and earth orbiting missions is
planned to provide flight validation of these advanced technologies. The Earth Orbiter-I mission, to be launched in May of 1999, is the
first of the planned NMP earth orbiting missions. Advanced technologies included on board the EO-1 spacecraft will be validated in
terms of their usefulness in enabling:

1. Landsat data continuity beyond Landsat 7 in a timely and cost effective manner;

2. Alternative, innovative approaches to land imaging, including hyperspectral imaging;

3. Instrument and spacecraft capabilities that will lower the risk and cost of future Mission to Planet Earth (MTPE)
missions;

4. Partnering opportunities for industry, academia and other government agencies; and

5. Commercial exploitation of land imaging.

The EO-1 satellite will concentrate on employing assorted technologies to observe the earth in the VNIR and SWIR regions
of the electromagnetic spectrum (i.e., 0.4 - 2.5 µm). The EO-1 package, with a total mass less than 325 kg, will be launched by a
TAURUS-XL launch vehicle; it will be a shared launch with an Argentinean remote sensing satellite called SAC-C. The EO-1 satellite
will be placed in a 705 km sun-synchronous orbit phased several minutes behind Landsat 7, in an orbit designed to capture the same
ground track as Landsat 7. The primary payload, called the Advanced Land Imager (ALI), will weigh 55 kg, will operate on 75 W, and
will fit into a volume of 0.2 cubic meters. The ALI is a hybrid multisensor instrument, as schematically shown in Figure 1. In addition,
a second instrument, referred to as the Bolt-on Atmospheric Corrector (AC), will be included to provide atmospheric correction data
(Figure 1).

ADVANCED LAND IMAGER (ALI)

The Advanced Land Imager can be more appropriately thought of as a test platform for an assortment of technologies, rather
than a single purpose instrument. The field of view (FOV) for this platform is determined by the Wide Field Telescope (WFT). The
WFT has a 15° by 1° field of view, capable of imaging a swath on the ground 185 km wide, centered along the ground-track of the
satellite orbit. This telescope is advanced in terms of both its design and construction material. Silicon carbide is used for both the
structural and optical (reflective) components of the telescope. This material approaches the rigidity and athermal characteristics of
beryllium, but at a cost only marginally greater than that of aluminum.



The focal plane of the telescope will contain a variety of sensor chips as indicated in Figure 1. Although the full 185 km
ground swath is imaged on the focal plane, the fact that the focal plane is only partially populated with chip assemblies results in only
partial coverage by the various sensor systems, as follows:

1. Four multispectral chip assemblies will result in a 60 km swath at one edge of the FOV at the wavelengths and
ground resolutions indicated in Table 1;

2. The panchromatic chip assemblies will provide overlapping coverage with the multispectral chip assemblies, but at
10 meter ground resolution;

3. The Wedge Imaging Spectrometer (WIS) chips, placed at the center of the focal plane, will provide a 10 km nadir
swath with 30 meter pixel size. The WIS will provide spectral coverage between 0.4 to 2.5 µm via 315 variable
bandwidth “samples"; and

4. The Grating Imaging Spectrometer (GIS) assembly, also to be placed at the center of the focal plane to provide
overlapping ground-track coverage with the WIS, will provide 280 spectral channels, each 7.5 nm in width, at a
spatial resolution of 30 meters.

The Bolt-On Atmospheric Corrector (AC) will be a totally independent instrument which will be coaligned with the WFT
assembly in order to cover the full 185 km swath of the WFT. The AC as shown in Figure 2 is based on a Wedge Imaging
Spectrometer covering the spectral region from 0.85 to 1.6 µm, with a separate channel at 0.76 µm to aid in determining atmospheric
aerosol content. The Corrector will have a spatial resolution of 250 meters.



EO-1 SCIENCE VALIDATION

The EO-1 science validation strategy has been designed to meet four specific EO-1 mission objectives. In a broad sense, the
on-board technology will be evaluated in the context of meeting MTPE science needs for the 21st century. In this context,
technologies and techniques will be judged in terms of their potential for contributing to the realization of the observation data sets
planned for the beginning of the next century. Secondly, NASA will use EO-1 to evaluate "new ways of doing business" for the 21st
century. That is, we will use the flexibility afforded by the small, non-operational, high-risk nature of the EO-1 satellite to investigate
and evaluate new ways of conducting research. This includes formation flying with other satellites, approaches to intersatellite
calibration, evaluation of lunar calibration, and autonomous navigation/instrument operation. A third validation objective is to provide
a technology infusion path for future Earth Observation System (EOS) missions. The evaluation of EO-1 technology in terms of
meeting land community science requirements should provide useful input to designers of future EOS instruments and observing
systems. Finally, the validation is intended to provide information to facilitate commercialization of Landsat in the future.

The science validation approach is focused on meeting the aforementioned objectives through close coordination with current
and planned MTPE activities. The ability of EO-1 to make Landsat-like measurements will be evaluated directly against concurrent
Landsat 7 measurements. The performance of the EO-1 Atmospheric Corrector can be verified against atmospheric corrections
derived from MODIS and other AM-I instruments. EO-1 will participate in EOS validation activities by acquiring data as appropriate
over EOS test sites. Data will also be gathered in conjunction with major field campaigns, allowing for evaluation of derived
parameters in terms of measured ground "proofs." In addition, data will be gathered in coordination with aircraft under-flights, helping
researchers to characterize the atmosphere and assess the performance of onboard sensor components. Finally, it is intended to
leverage MTPE’s existing investment by reusing/replicating existing EOS/Landsat algorithms and processing facilities wherever
possible.

The approach outlined above will be implemented through a set of science validation scenarios. The EO-1 ad hoc Science
Advisory Team (SAT) is in the process of defining a framework and an initial set of scenarios. It is expected that NASA will issue an
NASA Research Announcement (NRA) inviting the Earth Sciences research community to participate in baseline validation scenarios
and/or to propose alternative approaches to meet the validation objectives. Currently, baseline validation scenarios include: the
generation of 1 - 200 test scenes to be obtained concurrently and compared against Landsat 7 data; the characterization of observing
instrument components based on an ensemble pre-flight, solar, lunar, on-board lamp, and vicarious calibrations; the generation of
WIS/MGS data sets concurrent with and compared against AVIRIS underflights; and formation flying with both Landsat 7 and the
EOS AM-1 satellites.



SUMMARY

The Landsat 7 ETM+ system will maintain data continuity, satisfy mission objectives, and serve an essential role in the EOS
program when the satellite is launched in 1998. NASA is now evaluating advanced sensor designs and management options for a
follow-on high resolution, land-imaging system via their recently created New Millennium Program Earth Orbiter 1 mission. EO-1 is
slated for launch in May, 1999, approximately one year after the launch of Landsat 7. The goal is to identify and validate key,
breaking technologies that can be drawn upon in developing a system that maintains and advances the functions of Landsat 7 while
reducing the cost to the EOS program. The Landsat follow-on system, currently slated to fly on the EOS-AM2 platform in 2004, must
deliver data well into the next century to those who observe, characterize, monitor, manage, and explore the land surfaces of the Earth
over time.
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The URL for the Landsat 7 site is:
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ABSTRACT

LGRSS researchers, in collaboration with the Landsat Project staff at NASA/GSFC, are developing the specifications for
operation of Landsat-7 as a portion of NASA’s Mission to Planet Earth. The Landsat Thematic Mapper sensor will supply the high
spatial resolution, multispectral measurements of the Earth’s land areas needed to characterize inter-annual dynamics of land,
particularly in the presence of human activities. Based on the recommendations of the Landsat Science Working Group (1991-1994) ,
the Landsat Project staff are developing a long-term global acquisition strategy to insure periodic, intra-annual acquisition of Landsat
scenes capturing the seasonal cycle of vegetation activity for each terrestrial Landsat scene location. LGRSS researchers are
employing a nine-year record of NOAA AVHRR observations to characterize regional patterns of vegetation seasonality. The record’s
source is a version of the NOAA Global Vegetation Index data set, reprocessed at LGRSS. A nine-year monthly mean and variance of
normalized difference vegetation index measurements within each Landsat World Reference System (WRS) location are computed. A
statistical time-derivative analysis of the 12 months identifies when NDVI changes occur between months. Seasonal periods are
defined as periods of no change (winter and summer), positive change (emergence) and negative change (senescence). Landsat
operations will be configured to acquire at least one scene during each defined season, with possibly multiple acquisitions during
emergence and senescence. This presentation will detail the methodology employed to develop this terrestrial seasonality index,
consider the science learned about seasonality in this analysis, and examine the implications of these results relative to Landsat-7
operations.

INTRODUCTION

The launch of Landsat-7 is planned to take place late in 1998. With this launch a new, 3rd generation Landsat mission will be
undertaken. The 1st generation (1972-1984) Landsat (ERTS or Earth Resources Technology Satellite), including Landsats -1, -2, and
-3, explored the possibilities of imaging the earth’s land areas, at high spatial resolution, with spacecraft based sensors. These sensors
included the original Return Beam Vidicon (RBV) and Multispectral Scanner Systems (MSS). These relatively simple 3-4 spectral
band instruments not only demonstrated that land imaging from space was feasible but also opened the door to new concepts in
monitoring terrestrial conditions, best represented today in the widespread use of spectral vegetation indices to track the state and
dynamics of the earth’s terrestrial biosphere. The 2nd generation (1985-1997) Landsat mission combined a new sensor, the Thematic
Mapper (TM), with an unsuccessful effort to commercialize the mission. Both Landsats -4 and -5 carried (and continue to carry) the
more sophisticated 7 spectral band TM instrument . Unfortunately, because of management decisions, little scientific progress in the
use of TM observations was achieved during this period. Federal policy makers sought to find a commercial operator for the Landsat
mission at this time, leading to the formation of EOSAT. A series of well-documented problems and uncertainties developed within
the commercialization effort (Marshall 1989a; Marshall 1989b). These difficulties concluded with the loss of Landsat-6 at launch,
which led to a redrafting of the authorizing legislation, returning Landsat mission operations to the Federal government.

The third generation, Landsat-7 mission may, at first glance, appear to be a return to 1st generation profile. This is not true.
Much has changed during the 25 year life of this mission. First, scientific understanding of the interpretation and use of multispectral
earth observations has advanced significantly. We now know that simple visible-near infrared spectral vegetation indices provide us a
remarkable new indicator of terrestrial conditions and dynamics (National Research Council 1986; Goward 1989). We have yet to
fully exploit the other 5 spectral dimensions of TM, although limited work suggests considerable additional terrestrial information
resides in these 7-dimension measurements. Second, computer technologies have advanced radically in the last 25 years. The data
volumes capable of being generated by Landsat, which seemed impossibly large just a few years ago, can now be easily handled with
readily available computer technologies. Third, in part inspired by the Landsat mission, we have now come to recognize the
Importance of tracking terrestrial dynamics, at regional to global scales, as a basic indicator of the resources available to sustain
human activities and well being. Combined, these changes have led, for the first time, to consideration of the Landsat mission as a
critical element in a global-scale, terrestrial monitoring system.

LANDSAT-7 MISSION TO PLANET EARTH

The primary driver for the Landsat-7 acquisition strategy is the NASA Mission to Planet Earth (MPTE) and the allied Global
Change research activities. Within the MPTE framework, the Landsat acquisition plan is more aggressive and systematic than has
been carried out for previous Landsat missions. Advice given to NASA by terrestrial scientists consistently recommended that a
within-year, seasonal refresh of all land areas is needed to most effectively exploit the information content of Landsat observations.
This advice stems from studies which began during the NASA LACIE (Large Area Crop Inventory Experiment) and AGRISTARS



activities (McDonald and Hall 1980; Hall and Badwar 1987) and continued through the various efforts to exploit the 10+ year
AVHRR observation record (Townshend 1995a). The basic conclusion of much of this work is that the basic character of land cover
(and land use) are defined by temporal variations in the spectroradiometric measurements. For example, cropping of corn versus
soybeans is best noted by their differing spectral vegetation index temporal profiles.

There is considerable scientific value in acquiring a systematic Landsat record of the Earth’s land areas. The simple longevity
of the mission (25 years), provides an opportunity to examine recent land dynamics, for example, deforestation in the tropical
rainforests (Townshend et al. 1995b). If reasonable assessments of the causes of land dynamics are sought for all regions of the Earth
it will be necessary to isolate the periodic effects of human activities on land cover from the periodic variations of land conditions in
response to seasonal climate variations. The Landsat observatory provides us the best and perhaps the only truly diagnostic method to
assess human-driven land dynamics because these land cover changes proceed at scales of meters to kilometers but within the context
of terrestrial seasonality.

Implementation of the MPTE strategy for Landsat calls for the development of a systematic plan of acquisition (and analysis)
for the Landsat observatory. Conversion of this conceptual goal to an operational plan has been undertaken by the staff of the
Laboratory for Global Remote Sensing Studies (LGRSS), in the Department of Geography, University of Maryland at College Park, in
collaboration with the Landsat Program Science Office at the NASA Goddard Space Flight Center. This paper presents one critical
element of that plan, the Seasonal Acquisition Strategy, along with a preliminary review of how other elements of the plan are being
addressed. This is presented with the hope that all interested users of Landsat observations will review the proposed approach, to
insure that it also meets their needs. The authors solicit active input from all users in the Landsat community.

LANDSAT-7 OPERATIONAL CONSTRAINTS

The sensor to be flown on Landsat-7 is the Enhanced Thematic Mapper Plus (ETM+). The ETM+ is an evolutionary
development on the original NASA Thematic Mapper, designed by EOSAT for operation on Landsat-6. The sensors for measuring
blue, green, red, near infrared and two shortwave sensors measuring infrared reflected spectral radiance at 30 meter spatial resolution,
are continued from the original TM. The enhancements include a broad wavelength (0.5-0.9 µm) 15m panchromatic sensor, a 60
meter thermal infrared band and a 9-bit analog to digital converter, which allows each of the spectral sensors to be acquired in "low
gain" (upper 8 bits) or ’high gain" (lower 8 bits) mode. Both low and high gain TIR measurements will always be transmitted. These
enhancements in total increase the data volume per 185 by 170 km Landsat scene by 88% from the original TM sensor (Table 1).

As a global observatory, Landsat is technically capable of producing vast quantities of data. If it were operated continuously,
like the AVHRR, it could acquire over 3,300 scenes per 24 hour period or 1.2 million scenes per year (= 400 terabytes/year).
Restricting operations to only the sunlit half of the earth reduces this volume to 1650 scenes per day, 26,400 scenes every 16 days (one
global image = 9 terabytes/16 days) and 602,250 scenes per year (= 200 terabytes/year). Further restricting observations to just land
areas of the planet reduces the volume of observations by approximately 60%. Inclusion of all Landsat scenes which contain some
land area requires acquisition of over 10,550 scenes (-3.5 terabytes), the equivalent of approximately 660 scenes per day if al l 10550
scenes are acquired in one 16 day observation cycle or 240,540 scenes per year (=80 terabytes/year).

Technical (onboard recording and telemetry) and fiscal constraints limit the Landsat-7 acquisition system to acquire a
maximum of 250 scenes/day or 91,250 scenes per year (=30 terabytes/year). This acquisition rate is 8% of the full orbital cycle  and
38% of the sunlit, land-only acquisitions, if they were acquired whenever possible. Considering the probability for cloud cover and
redundant acquisitions for slowly changing land areas (e.g. desert regions), this rate of acquisition is likely to be close to the maximum
possible for a single Landsat platform. This rate is considerably larger than has been conducted with any previous Landsat mission and
presents significant challenges for mission scheduling, onboard recording, ground reception and post-acquisition processing.



LANDSAT-7 LONG TERM ACQUISITION PLAN

The long term acquisition plan (LTAP) will serve as the basic Landsat-7 operational scheme. High priority needs can, at any
given time, overrule the LTAP specifications (e.g., natural disasters, national security needs, specific user requests). In the absence of
high priority demands, for each 24-hour period, sensor operations will be determined by the specifications contained in the LTAP. The
LTAP will be queried to determine which of the pending WRS scenes should be acquired, based on the following criteria

1) Seasonality Index: The seasonality index for each WRS consists of a date range (e.g., January 1 -March 31) and a
specification of either acquiring once or always, during this period. If always, then the scene is designated for acquisition. If
once, and a scene has already been acquired during this period, no acquisition is designated, otherwise, acquisition is
designated. Details of how this index was formed will be discussed shortly.

2) Cloud Conditions: The predicted cloud conditions originate from NOAA and consist of predicted percentage cloud cover
derived from forecasts 6 to 24 hours (TBD) prior to acquisition. This prediction is compared with a cloud climatology
derived, for each WRS, from the ISSCP (International Satellite Cloud Climatology Project) data set (Rossow et al. 1989). If
the predicted cloud cover is lower than the ISSCP-generated cloud cover threshold, then an acquisition is designated for that
WRS.

3) Gain Settings: For pending WRS scenes which are designated for acquisition by both the seasonality index and cloud
conditions, the per-band gain conditions are specified for the scene contrast conditions expected for that location.

The intent of the LTAP is to optimize the quality of the potential 250 scenes to be acquired each day. This is of particular
relevance for coverage outside the United States. Current operational plans call for acquisition of all coverage for the US at every
opportunity (=480 scenes/16 days). This is possible because of direct telemetry from the sensor to the US ground receiving stat ion.
Other priorities, including major international agricultural regions, will be also be designated for acquisition always during the
growing season, independent of LTAP specifications. Specifications for all elements of the LTAP are being developed by the UMCP
LGRSS team. As much as possible, we are drawing upon empirical observations to define the details of the LTAP. The better than
10-year accumulated record of meteorological satellite observations provides a quality source of empirical knowledge to describe the
observing conditions Landsat should encounter in space and time.

SEASONALITY INDEX

The seasonality index is directed toward the goal of compiling an intra-year estimation of vegetation seasonal dynamics. The
original Landsat Science Working Team recommendation was a quarterly acquisition strategy, directed toward capturing terrestrial
vegetation dynamics. For some mid-latitude locations this quarterly refresh strategy would successfully achieve this goal. However,
for many terrestrial locations, acquisitions during the astronomical seasons would likely miss the critical vegetation dynamics. It is
important to acquire data on changes in vegetation, while not repeatedly acquiring data on areas that have been unchanged over the
acquisition period. A statistical phenology of these seasonal dynamics, independent of the astronomical seasons, can be estimated
from the observations acquired by the NOAA Advanced Very High Resolution Radiometer (AVHRR).

The seasonality index is based on a statistical estimate of vegetation dynamics observed by the AVHRR over the period April
1983 to March 1991. The metric examined was the Normalized Difference Vegetation Index (NDVI). Green plants reflect strongly ’in
near-infrared (NIR) wavelengths between 0.7-1.1µm and only weakly at shorter, visible (VIS) wavelengths between 0.5-0.7 µm, while
variation in the reflectance of bare soil is small across the entire range. The National Oceanic and Atmospheric Administration
(NOAA) advanced very high resolution radiometer (AVHRR) satellite recorded reflectances within these regions in channel 1
(0.58µm - 0.68µm) and channel 2 (0.75µm -1.1µm) from which the NDVI can be calculated (Goward et a]. 1991) using equation 1:

NDVI = (NIR- VIS) / (NIR + VIS) (1)

High values of NDVI are associated with dense green vegetation while low NDVI values are associated with sparse,
senescent, or unvegetated areas (Lein, 1995). Qualitative agreement has been found between NDVI and terrestrial vegetation
phenomena such as photosynthesis, (Choudbury, 1987) and the index has been used In large scale estimates of phenology and net
primary productivity (Goward and Dye, 1987; Justice et al. 1985).

Data Source

The data source for the NDVI values is the University of Maryland improved Global Vegetation Index product (Goward et al.
1994) processed at LGRSS. For this product the NOAA Global Vegetation Index (GVI) data sets from April 1983 to June 1991 were
radiometrically calibrated to planetary spectral reflectance, NDVI was computed and biweekly composites were formed to reduce



residual cloud contamination. Detailed descriptions of the bas I s and methods used to produce this data set are provided in the
literature (Goward et al. 1991; Goward et al. 1993; Goward et al. 1994)

For the current work a spatial I y -averaged data set was created. Spatial averaging was performed by taking the mean of a 3 x
3 array of 15km pixels to produce a 45km pixel. This averaging was carried out 1) to reduce data volumes and 2) because previous
analyses suggests that the NOAA GVI data set is, at best, representative of conditions at the 45 km scale (Goward et al. 1993).
Monthly mean values were calculated for each year, by taking the average of the two central bi-weekly periods in each month. For
those months where one of the two bi-weekly observations were not available (e.g., bad data or clouds), an interpolated estimate from
the previous and following bi-weekly periods was calculated. The 9-year monthly mean and variance were then calculated for each
45km pixel.

Defining Seasonality

Changes, from month to month, in NDVI are as taken indicative of seasonal changes in vegetation cover. A typical,
mid-latitude, NDVI phenology a period of dormancy, in which NDVI is relatively low and invariant, followed by a period of
emergence in which NDVI increases, that continues until full canopy is achieved. NDVI typically changes little during full canopy,
and then decreases as the vegetation senesces. This temperate region phenology is driven primarily by temperature and follows closely
the quarterly astronomical seasons. In other regions of the planet, where vegetation changes are primarily moisture driven, other
phenologies are possible. In semi -arid and high latitude areas the full canopy stage may not persist long enough to be observed as a
stable NDVI. In desert and tropical rainforest regions little variation in NDVI is observed from month to month. These phenologies
may have little or no relation to astronomical seasons.

Observed Seasonal NDVI Patterns

Inspection of the intra-annual 9-year mean and variance patterns of NDVI revealed that for most locations, the NDVI
between-year variance is greatest during green-up and senescence. This suggests that the timing of the beginning and end of the
growing season are more variable, from year to year, than vegetation cover conditions either outside of the growing season or during
mid-growing season. Based on this assessment the LGRSS team recommended to the Landsat Program Science Staff that acquisitions
be taken always during periods of increasing or decreasing NDVI but only once during mid-season or outside the growing season.

Further assessment of this NDVI seasonality definition is needed. Use of the NDVI for this type of seasonality assessment
may obscure some variations in vegetation cover conditions. For example, NDVI is known to saturate at relatively low leaf area index
(LAI) values (e.g., = 2). However, near infrared measurements of vegetation canopies vary across an LAI range of at least 6. It may be
that the mid-growing season decrease in observed between-year variance results from use of NDVI in this analysis. As time permits,
the LGRSS team will examine other spectral vegetation indices and single wavelength regions’ statistics to assess this possibility.

Seasonality Analysis

Definition of seasonality is based on monthly temporal derivative analysis of the 9-year mean and variance NDVI values.
The aim is to distinguish periods in which NDVI is changing significantly (green-up and senescence) from periods in which it is stable
(mid-growing season and dormancy). Using the monthly mean and standard deviations, a t-test at the 99.5% confidence level was
applied to determine significant differences between the monthly means. This was accomplished by comparing the monthly mean of a
given month (t) with the monthly mean two months later (t+2). The t+2 time step was employed because preliminary analysis found
that the t+1 value was too sensitive, detecting many changes that were statistically significant but functionally unimportant. The status
of each land 45 km pixel (increase, decrease, no change) for each month was determined.

Application to Landsat WRS Scenes

Within each Landsat World Reference System scene, there are a set of 45 km pixels. For each pixel the seasonality, at any
given period, can be changing (acquire always) or stable (acquire once). A decision was made to determine WRS scene acquisition
strategy based on the most demanding of the individual 45 km pixels in the WRS bounds. Thus, where one 45 km pixel in a WRS
scene was found to be changing, the acquisition strategy is to acquire always. This approach, which tends to significantly increase
acquisition demands, was chosen because of the recognition that local variations in land cover/use, such as desert versus irrigated
agricultural, are highly likely within any given Landsat scene.

For each WRS scene containing land, all 45 km pixels were sequentially examined to detect pixels in which significant
change had occurred. When such a pixel was detected, the WRS scene was flagged as having significant change in that month. Once
the monthly WRS acquisition specifications were determined, time periods of consistent acquisition (always or once) were aggregated
to provide beginning and ending dates for each WRS scene. For periods of significant change the WRS scene was flagged for



acquisition at all opportunities, in order to document the change, while periods without significant change were flagged for a single
acquisition.

Recommended Seasonal Acquisition Strategy

The algorithm specified a 52972 acquisitions annually, of which 9% where single acquisitions in a 12 month period. This
assumes an orbital cycle of 16 days. The maximum number of acquisitions for a WRS scene, was 22 per year. Temperate regions have
high concentrations of WRS scenes specified for numerous acquisitions on an annual basis (Figure 1). The Amazon basin and arid
areas such as central Australia and Namibia are assigned fewer acquisitions as there is little vegetation change in these areas. The
American midwest and central China are assigned relatively high numbers of acquisitions. As is the Sahel in which a fluctuating
boundary of vegetation due to variations in rainfall is also assigned a high number of acquisitions, to capture this variability.

As the seasonality test is currently structured, it is highly sensitive to vegetational change in any of the pixels within a WRS
scene. Thus many areas are assigned multiple acquisitions in a given time period. Even areas such as the tropical rainforest in
Amazonia which generally show little change in vegetation and are consequently assigned few acquisitions, do show regional and
temporal variation. More acquisitions are assigned in the eastern areas of the rainforest, and while March is part of a period of single
acquisitions over most of the forest, in June almost the entire area is assigned multiple acquisitions. Rainforests in Malaysia also
display a pattern of temporal variability, with generally few acquisitions in June and widespread multiple acquisitions in September.

Similar phenomena occur at the and end of the spectrum. Large parts of the Australian interior show little vegetational
change and are assigned single acquisitions through much of the year. This is the case over most of the interior in March. By June
large areas of the southwestern Australia are assigned multiple acquisitions, a condition which is, to some extent reversed by
September, when multiple acquisitions are clustered to the east.

Some anomalies were detected in the results of this analysis. The cloud exclusion rule that functioned in the compositing of
bi-weekly to monthly data in the LGRSS product was extremely sensitive to areas of high reflectance. Some areas of desert, such as
the Sahara, and snow areas, such as Greenland, were assigned values of 0 in this stage of processing and were thus excluded from
derivative analysis in the same way that ocean pixels were. This is currently being corrected by reprocessing the data set with a cloud
exclusion algorithm that recognizes persistent high reflectance as non-cloud and includes it in the processed data set. Another anomaly
was the bands of relatively numerous acquisitions at high latitudes. It is unclear at present whether this is a legitimate feature
corresponding to seasonal vegetation change, or an artifact.

FUTURE WORK: GAIN SETTING AND CLOUD CLIMATOLOGY

There are two major components of the LTAP that are currently being developed: (1) sensor gain settings and (2) cloud
climatology. Given the science goal of a seasonal refresh of land areas, strategies must be employed to maximize the dynamic range
present in any particular scene and to access expected versus near-term predicted seasonal cloudiness. In the first case, the larger the
dynamic range (which is limited by sensor gain) the greater the information content of the scene. In the latter case, the likelihood of
significant cloudiness must be known as this, along with the temporal reflectance trajectory, will determine timing and frequency of



particular scene acquisitions. We will use a cloud climatology obtained from the ISSCP to estimate the probable cloud cover fraction
for each WRS location for each month. The near-term forecast cloud cover will be compared to this climatology to determine whether
an acquisition should be planned for the next day’s operations.

Sensor Gain Settings

The Earth’s surface exhibits a large dynamic range of spectral reflectances that vary seasonally and geographically, as well as
with solar geometry. This large range presents a problem for remote observation. Sensors must be sensitive enough to retrieve
reflectances within the accuracy required for biophysical, climatological and other applications. At the same time, sensor quantization
level (e.g. 8 bits) cannot be too large because of constraints on data transmission and storage, creating the possibility of sensor
saturation over bright targets. For a fixed quantization level, there is thus a tradeoff between sensor sensitivity and saturation, and their
balance is adjusted via sensor gain. If the gain is high, low radiance targets may be sensed with reduced quantization noise (i.e. an
increased number of gray levels per change in radiance) but at the expense of saturation at high radiances.

One way around this problem is to provide sensor bands with dual low/high gain settings that are switchable via commands.
To fully exploit this strategy requires information on the geographic and seasonal variability of spectral reflectances so that gain
control can be rationally employed. Unfortunately there are no long term reflectances records from MSS or TM that have been
compiled in a continuous, global form. However, coarser spatial resolution data from AVHRR (GVI) have been appropriately
processed.

There has been considerable work on surface reflectance as determined from both coarse and fine resolution sensors. For
example, Brest and Goward (1987) specifically used Landsat MSS data to infer broadband albedo from narrow band reflectance.
Although such a broad-narrow band conversion is not required here, inferences about Landsat-7 shortwave and near-ir reflectances
will be needed, as was done in this study. Briegleb et al (1986) describe regional surface reflectance models with reflectance given as
a function of solar zenith angle and wavelength. While past studies have been critical for establishing retrieval algorithms, specifying
accuracy requirements and limitations, our knowledge of spectral reflectance on a global basis is insufficient for the tasks proposed
here.

A dual gain approach was employed for MSS though rarely used (Slater, 1980). A variant is being implemented for
Landsat-7. The gain for a 9-bit channel is fixed, but either the lowest 8 bits or highest 8 bits are used, resulting in effectively two
gains, differing by a factor of 2. (For a given DN/radiance ratio, doubling the maximum input radiance doubles the maximum output



DN, from 256 to 512). B. Markham (NASA/Goddard, 1996) recommended Landsat-7 dynamic ranges where one of the choices (low
or high gain) is set to match gains from Land sat-4/Land sat- 5, and the other must then be either twice or half that gain. The latter is
decided based on whether the Land sat-4/Landsat-5 channel is noise limited or not. The most current dynamic range settings are
shown in Table 2. The maximum reflectances are found by dividing the gain radiance by the maximum solar flux at overpass time
(assuming a 30\(de solar zenith angle). The central problem is illustrated nicely in Table 2: when and where will reflectances exceed
those in high gain mode, and necessitate a switch to low gain mode?

Methodological Approach

Our approach is based on the use of the visible and near-ir bands of GVI to determine for each TM scene, the expected
maximum and minimum reflectances as a function of season. The AVHRR bands are related to TM7 bands as in Table 3.

Weekly AVHRR top of atmosphere (TOA) spectral reflectances with 16 km resolution are converted to TM7 at-sensor
radiances using information on solar zenith angle and the exoatmospheric solar radiance in each particular TM7 band. About 369 of
these AVHRR pixels covers a TM scene. Thus, for a particular TM scene there is a weekly record of maximum and minimum
radiances. However, the dynamic range present in a scene imaged at 30 m resolution may be considerably larger than that obtained at
16 km resolution because, as we average from fine to coarse resolution across a scene, the minimum scene reflectance must get larger,
and the maximum scene reflectance must get smaller. To overcome this problem, we are using scaling theory to predict the dynamic
range at 30 m resolution using the 16 km product [see Dubayah et al., 1997]. For each scene we then construct an average (over the
GVI time span) monthly dynamic range. This range is finally used to set the sensor gain in the LTAP, subject to other constraints
(such as keeping the number of such switches as small as possible). One side effect is the possibility of a gain change within a scene.
Because gain changes are not instantaneous, and, because there is end-to-end overlap between scenes (i.e. the bottom of one scene and
the top of another are reproduced in two scenes, but imaged only once) a gain change between adjacent scenes on the same orbit will
mean that one of the scenes will have a band or bands that have one gain setting for one portion, and another setting for the subsequent
portion. Such acquisitions can be avoided, when possible, by scheduling gain changes during periods when there is no acquisition
planned for the preceding scene or scenes in an orbit.

CLOUD CLIMATOLOGY

One of real constraints of an optical remote sensing system such as Landsat, is that clouds preventing viewing the land
surface. Expending valuable acquisition resources on cloud-covered views is not desirable. A new approach, recommended by the
Landsat Science Working Group, is being attempted with Landsat-7. The global cloud cover forecasts provided by NOAA, between 6
and 24 hours prior to acquisition, will be employed to determine whether particular WRS scene acquisitions should be scheduled.

The major difficulty encountered in this cloud prediction approach is to determine what level of predicted cloud cover should
be sufficient to not schedule an acquisition. For the major desert regions of the globe 10% cloud cover may be sufficient. In the
tropical rainforest regions 90% cloud cover may warrant acquisition since the 10% clear may only be clear that one time. It is
therefore critical to provide an expected cloud cover climatology for comparison with the near-term forecast. This cloud climatology
will be extracted from the available ISSCP (International Satellite Cloud Climatology Project) data set recently released on CD-ROM
(NASA Climate Data System Staff, 1992).

Methodological Approach

For each WRS scene an estimated cloud cover probability will be compiled for each month of the year. This probability will
serve as the basis for assessing the NOAA forecast. For regions of low cloud cover probability forecasts of significant cloud cover will
stop acquisition. For regions with high cloud cover probability (e.g. >50%) any forecast of cloud cover less that 100% may indicate an
acquisition opportunity. One approach to image production which has not be employed with Landsat is image compositing. However,
this approach is commonly used with AVHRR observations. The significant limitations (< 1 observation a year) encountered in
acquiring clear observations for the cloud prone (e.g. tropical rainforest) regions of the Earth indicate a need to pursue the image
compositing approach for these regions. If, over the period of a year, several partially clear views are acquired, it may be possible to
form a nearly cloud-free scene from the various partial views.

Compilation of the cloud cover climatology for all WRS scene locations will permit not only limiting acquisitions to clearer
views in many regions of globe but also can be used to direct new, novel approaches to acquisition strategies (and image production)
in regions of the globe where successful Landsat observations have been difficult to obtain previously.



CONCLUSIONS

The pending launch of Landsat-7, will initiate a new era is the long-term Landsat mission. The evolving appreciation of the
importance of monitoring the dynamics of the earth’s land areas, is being brought to bear on the Landsat operations. This MTPE
monitoring mission calls for the acquisition of 250 Landsat scenes per day. Even though this exceeds the acquisition rate of all
previous Landsats, it still represents only about 38% of the sensor’s potential acquisition capacity. Effective use of the Landsat
resource, including efforts expended to analyze the data, call for an acquisition strategy which optimizes the quality of the acquired
observations. Researchers at the University of Maryland Laboratory for Global Remote Sensing Studies, in collaboration with the
NASA Goddard Space Flight Center Landsat Science Project Office are developing a operational long-term acquisition plan to
achieve this goal.

The Landsat LTAP is directed to achieve the science goals of the NASA Mission to Planet Earth. The basic objective is to
capture the seasonal dynamics of terrestrial vegetation systems, not only to better understand the earth’s vegetation systems but also to
isolate the dynamics induced by human activities versus those brought about by interactions with earth’s climate. To achieve this goal
the LTAP is configured to describe 1) vegetation seasonality, 2) regional cloud climatology and 3) scene contrasts for gain settings.
The seasonality and cloud climatology are used together to assess when Landsat scenes should be acquired. The scene contrasts will
be used to determine the gains setting which will be used to acquire the observations.

Derivation of the LTAP specifications is being carried out, as much as possible, from empirical observations. The 9-year
record of AVHRR observations, compiled by NOAA in their Global Vegetation Index Product and reprocessed at UMCP LGRSS,
serves as the primary source of information for the seasonality and gain settings. The 9-year statistical phenology of the NDVI
measurements is used to define seasonality. Assessment of the seasonality indicates that vegetation dynamics, from year to year, are
greater and the beginning and end of the growing season. Thus, the acquisition strategy recommended to acquire always (pending
predicted cloud conditions) during vegetation green up and senescence, otherwise acquire once during the mid-growing season and
during dormancy. An additional assessment of the impact of using NDVI in this assessment is needed.

This seasonal strategy, in the absence of cloud statistics, consumes approximately 70% of the acquisition potential. Other
demands, such as full-time US coverage and full-time growing season acquisition of major international agricultural regions will
consume a considerable portion of the remaining acquisition potential. There is still however, room to consider other acquisition
strategy needs. Interested users are encouraged to communicate with the authors and/or the Landsat Science Project Office concerning
these needs.

The gain settings study is just now getting underway. The individual visible and near infrared bands, calibrated to planetary
reflectance, are being used to specify the gains. Landsat bands 1,2 and 3 are simulated from the AVHRR visible band, with
adjustments of atmospheric scattering. Landsat band 4 is derived from the AVHRR NIR bands as are bands 5 and 7. This use of
variable gains will be a new adventure for Landsat, even though earlier Landsat MSS sensors were capable of such operations.
Hopefully there will be few conflicts in gain setting requests. Clearly, a larger bit allocation (e.g. 10-12 bits) per spectral sensor would
have been more desirable scientifically but would have created more serious data telemetry problems.

Work on the cloud climatology remains to be carried out. This knowledge will guide the decision of whether a particular
cloud cover forecast will limit next day acquisitions. The climatology is also needed to assess how much the proposed seasonality
acquisition scheme is reduced. If this is significant, further adjustments in both the seasonality index and the cloud recommendations
will be needed.

We anticipate that the LTAP as currently proposed will go through several evolutions as we gain more experience in
examining the questions posed. This is particularly likely once Landsat-7 is operational and we have an opportunity to evaluate the
outcome of the strategy under operational conditions. There is no doubt much more to learn about the best" ways to monitor the earth’s
land areas.
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ABSTRACT 

This investigation shows how remote sensing can be used to monitor changing agricultural land use. In July 1975,
Mozambique became independent of Portugal under a single-party, Marxist-Leninist government. Economic conditions deteriorated,
and an anti-Marxist revolutionary party began guerilla warfare in 1979. The civil war continued until October 1992, when a peace
accord was signed. During the 13-year war, millions of Mozambicans fled their homes, reducing the country’s agricultural production.
In 1995, the U.S. Geological Survey conducted a pilot study to determine the feasibility of using maps derived from remotely sensed
data to monitor changes in agricultural cultivation patterns before, during, and after the civil war. The pilot study, examining part of
the Zambezi River valley, which includes the towns of Sena, Mutarara, and Caia, was conducted using remotely sensed data to make
maps indicating cultivated areas before, during, and after the war. Cloudless scenes acquired by Landsat and SPOT multispectral
sensors were selected, and spatial distribution of agricultural land was delineated using a technique to interpret cropland use intensity
(CUI) interpretation. Five periods from 1973 to 1995 were selected for analysis: pre-war (1973), post-independence (1985), peak
displacement of rural population (1992), period of first returnees (1994), and more recent (1995). Polygons representing areas of
differing CUI were manually delineated on mylar overlays on false-color composite, photographic prints of the satellite imagery. The
lines were digitized, and other layers of data were combined to produce maps, using a geographic information system. The greatest
areal extent of cultivation was evident in 1973, before independence. Estimated cultivated area within the study area decreased,
reaching a minimum in 1992 before the peace accord was signed, and then increased in 1994 and 1995. Mined roads, armed conflict,
the flight of civilians, and drought in the study area are all factors that contributed to the reduction of cultivated land from
approximately 21,800 hectares (ha) in 1973 to approximately 4,500 ha in 1992 before the signing of the peace accord. Maps
comprising the CUI data and other information show the spatial aspect of the decline of cultivated area from 1973 to 1992 and the
increase from 1992 to 1995.

INTRODUCTION

In 1975, after 11 years of war, Mozambique (fig. 1) became independent of Portugal under a single-party, Marxist-Leninist
government. The new government began to collectivize large farms that had been owned mainly by Portuguese farmers. Following
independence, however, economic conditions deteriorated, and in 1979 an armed, anticommunist rebellion began. Guerilla warfare
engulfed Mozambique and continued until a general peace accord was signed by the government,

Frente para a Libertacao de Mocambique (FRELIMO) and the Resistenca Nacional de Mocambique (RENAMO) in October
1992. During the civil war, more than 1.5 million Mozambicans became refugees, of whom 1. 1 million sought refuge in Malawi
(IFRC, 1996a). Another 5.2 million people were displaced, I million were killed, and 2,500 children were orphaned. In addition to the
effects of almost two decades of civil war, the century’s worst drought (Knausenberger, 1993) struck Mozambique during the 1991-92
growing season.
                                                          

  1Work performed under U.S. Geological Survey contract 1434-92-C-40004.



Following the peace accord, and anticipating an end to a devastating drought, the first wave of Mozambican refugees
returned from Malawi during the growing season between October 1992 and April 1993. Some of the returnees harvested crops during
this first postwar agricultural season. In 1993, the U.S. Agency for International Development (USAID) began a program of land mine
removal and road and bridge repair. In addition, USAID continued a program to assist agriculture, providing seeds and tools needed
by returnees and others affected by the war and drought. Between 1992 and 1995, peace was restored, more than 1.2 million refugees
and nearly 4 million internally displaced persons returned to their homes and farms, peaceful multiparty elections were held, and
economic activity -- particularly agriculture-related -- had increased (IFRC, 1995).

The USAID mission in Mozambique (USAID/ Mozambique) developed a number of methods to monitor the impact of the
mission’s program to assist Mozambicans in the transition from war to peace. The monitoring was to focus on the Zambezi River
Valley, where there had been fighting both during the war of liberation from the Portuguese from 1964 to 1974 (Republica Popular de
Mocambique, 1986) and the Mozambican civil war (IFRC, 1996b).

In 1995, USAID contacted the U.S. Geological Survey (USGS) to do a pilot study to evaluate the usefulness of interpreting
satellite imagery to document the return of Mozambicans to the countryside around the towns of Sena, Mutarara, and Caia near the
confluence of the Zambezi and Chire Rivers in the Zambezi River basin. Cropland Use Intensity (CUI) can be interpreted from
satellite imagery as an estimate of the percentage of land area used for agricultural production (Murphy et al. 1978, Westin and
Brandner, 1980). Some of the principal characteristics of CUI are shown in table 1.

CUI has been used successfully in Africa for a number of applications. Relationships between percentage of land area
cultivated and human population density have been identified in Burldna Faso, Mali, and Zambia (Reid et al., 1995). In Mozambique,
the Food and Agriculture Organization of the United Nations in 1985 prepared a land use inventory of Mozambique, including CUI
categories, that showed high correlations between CUI and human population density (Snijders, 1985).



However, because of substantial differences in the relationships between percentage of land area cultivated and human
population density reported by Snijders and by Reid and her colleagues, it was decided to limit the present study to analysis of CUI
and not to attempt to estimate population density based on CUI. The USGS has used CUI in the Sahel to support interpretation of
normalized difference vegetation index images derived from advanced very high resolution radiometer satellite data and to spatially
disaggregate agricultural statistics for Malawi (R. W. Lietzow, pers. comm., 1996), Niger, and Burkina Faso (R. W. Klaver, pers.
comm., 1996).

DESCRIPTION OF STUDY AREA

The area of the pilot study includes the towns of Sena, Mutarara, and Caia in central Mozambique and includes portions of
the Zambezi and Chire Rivers. It is roughly centered on the towns of Sena and Mutarara, which are across the Zambezi River from
one another, and encompasses agricultural areas of interest to the east and south of Sena and Mutarara, between the Zambezi and
Chire Rivers and along the south side of the Zambezi River along the road to Caia (fig. 1).

METHODS

Cloud-free images were selected from archived satellite images. The ideal time of year for each of the images is early in the
dry season, after harvest and before burning. In Mozambique, this period falls in April and May, when there is good contrast between
the cut fields and the still-standing adjacent noncrop vegetation. Five periods were targeted, corresponding to contrasting biophysical
and socioeconomic conditions in the study area (table 2).

Catalogs of archived satellite imagery acquired by multispectral scanner (MSS) and thematic mapper (TM) sensors on
Landsat satellites, and by multispectral (XS) sensors on the Systeme Probatoire d’Observation de la Terre (SPOT) satellites, were
searched for cloud-free scenes. Cloud-free or nearly cloud-free images were located for 1973, 1985, 1992, 1994, and 1995 for the area
of interest (see fig. 1) and for the dates shown in table 3. It was not possible to obtain a cloud-free scene for the April and May period
for 1975 and 1992, so cloud-free scenes for August 1973 and February 1992 were substituted.

The digital data for these five scenes were geocorrected, and false-color composites were then generated for interpretation
and printed at scales of 1: 100,000 for MSS and TM, and 1:50,000 for SPOT on 40- x 40-in (102- x 102-cm) paper. Red was selected
to represent growing vegetation, that is, areas with relatively high near-infrared reflectance and relatively low reflectance in the visible
channels.

Two experienced image interpreters delineated zones of CUI with ink on mylar overlays for the satellite image prints. Visual
cues including color, texture, and context were used to define the zones of relatively homogeneous levels of cultivation. The CUI



delineations also indicated major landforms, such as alluvial and upland areas, and areas covered by surface water. The mylar
manuscripts were then digitized to create the information "layers" used in a geographic information system (GIS).

A GIS Analyst and GIS Data Management Specialist compiled data layers from existing maps to indicate the locations of
towns, roads, and hydrographic features. An information layer for the roadway network provided context to the CUI findings, and
information as of December 1994 was used to indicate roads mined before the signing of the peace accord and road rehabilitation
activities that had taken place as of December 1994. GIS overlay analysis was used to quantify the differences in CUI on the five dates
chosen for the pilot study and to identify changes in CUI from August 15, 1973 to February 24, 1992, and from February 24, 1992 to
April 20, 1995.

RESULTS

Study Area Cropland Use Intensity

The study area includes 1,078,031 hectares (fig. 2a). On August 15, 1973, CUI was 30 percent to 50 percent in most of the
study area. With few exceptions on that date, CUI was 30 percent or less in the remaining portions. Overall, about 16 percent of the
study area was cultivated on August 15, 1973, a time during which there were still large, operational, colonial agricultural activities
but during which there may have been some guerilla activity in the area (Republica Popular de Mocambique, 1986).









In May 1985, the amount of cultivated area is estimated to have been 7 percent, less than half of the area cultivated in 1973.
Ten years after independence, collective farms had been established and guerilla warfare was being conducted by RENAMO in the
study zone. CUI was generally reduced to between 5 and 30 percent in areas where it had previously ranged from 30 to 50 percent
before independence (August 15, 1973). On May 11, 1985, large areas, which in 1973 were cultivated between 5 and 30 percent, were
apparently uncultivated. During this period of reduced agricultural activity, there was a substantial amount of open water along the
Chire River just south of Malawi on May 11, 1985, in contrast to the smaller lakes in the same area on February 24, 1992, and even
less standing water on the study dates in 1973, 1994, and 1995. Although there was apparently abundant water during the 1984-85
crop production season, the civil war had continued since 1979, and it is possible that both post-independence agricultural policies and
conflict in the area contributed to the reduced area cultivated as of May 11, 1985.

By February 24, 1992, the Mozambican civil war had been waged for about 13 years. There had been major displacement and
isolation of the population of the study area because of armed conflict, mining of roads, and sabotage of other infrastructure within the
study area. The drought of the 1991-92 growing season drove many people from their homes in search of food and water, and
seriously reduced crop production even for those who remained. The CUI interpreted from the TM scene of that date indicates only
about 5 percent of the study area being cultivated, with very few, small areas being 30 percent or more cultivated.

Following the signing of the peace accord in October 1992, displaced people moved back into the study area, removal of
mines began, seeds and tools began to be supplied, and more normal rainfall arrived. The CUI interpretation of the May 28, 1994 TM
scene indicates that the parts of the study area under cultivation increased to about 10 percent. Most of the areas cultivated between 30
percent and 50 percent on May 28, 1994 were west of the Zambezi River (fig. 2a).

Cultivated area decreased from 1973 through 1992, the year in which the civil war ended (fig. 2a). In contrast to CUI in the
study area on February 24, 1992, 8 months before the peace accord was signed, CUI interpretation indicates that cultivated area had
doubled 19 months after the peace accord was signed. Key factors in the CUI increase are that the drought had ended, farmers had re-
entered the country, land mines were being removed, and donors were assisting farmers.

Substudy Area Cropland Use Intensity

The "substudy area," as defined by the smaller 1995 SPOT scene, reveals patterns similar to those of the larger study area
(fig. 1). The substudy area encompasses 253,756 hectares (about 50-x 50-km, or one-quarter of the 1,078,031 -hectare study area).
Twenty-two percent of the substudy area was cultivated in 1973, whereas only about 9 percent of the substudy area was estimated to
have been cultivated as of May 11, 1985 (fig. 2b). In the drought of the 1991-92 growing season, and during one of the last months of
the civil war, only 4 percent of the sub-study area was estimated to have been cultivated. CUI interpretation of the area within the
February 24, 1992 TM scene covering the same area as the SPOT scene reveals that the conditions of warfare, mined roads, and
drought resulted in very little cultivated area. By May 28, 1994, hostilities had ceased, some roads in the sub-study area had been
cleared of land mines (fig. 3), displaced people had returned, and development assistance and food aid were being provided by USAID
and other donors. Area under cultivation had increased to include approximately 10 percent of the substudy area (fig. 2b).

The CUI interpretation of the SPOT scene of April 20, 1995 shows about 17 percent of the substudy area under cultivation.
The trend is clearly one of increase in cultivated area following the signing of the peace accord of October 1992 (fig. 2b). In April
1995, relatively intense cultivation (50-70 percent) is evident in some portions of the substudy area, south of the road that runs east
from Sena and Mutarara.

Cultivated area within the substudy area (approximately 50- x 50-km) decreased, followed by an increase (fig. 2b). CUI
interpretation of the five satellite images makes it possible to determine a general pattern of decreasing cultivated area, followed by
increasing cultivated area. It is clear that cultivated area decreased severely as a result of effects of war and drought. Following the
peace accord, it appears that cultivated area in the substudy area is increasing rapidly. This should result in improved nutrition of local
people and increased demands for agriculture and transportation infrastructure (roads and vehicles) to ship agricultural products.

Trends in CUI, 1973-92 and 1992-95

Between August 15, 1973 and February 24, 1992, cultivated area decreased in most of the substudy area, but there were
increases in CUI in some areas west of the Zambezi River (fig. 3). Between February 24, 1992 and April 20, 1995, increases in CUI
are evident along the Zambezi River and in alluvial soils associated with watercourses in the area. Decreases in CUI between 1992 and
1995 are seen in only a few, small, scattered areas throughout the substudy area.

The intensity of cultivation between February 24, 1992 and April 20, 1995 increases for most of the substudy area. During
that period, however, in some portions of the substudy area CUI decreased. The reasons for these decreases are not clear. It could be
that marginal lands that had been cultivated were abandoned upon the cessation of hostilities in favor of more productive lands



(Environmental Working Group, 1990), or that as the peace holds over time, production areas shift from more isolated to more
accessible locations.

The detailed map of the substudy area (fig. 3) showing change in CLTI between August 15, 1973 and February 24, 1992, also
shows road status, based on data of December 1994. It is assumed that all roads in the study area that were indicated as mined,
demining in progress, or demining completed as of December 1994 were mined on February 24, 1992, 8 months before the peace
accord was signed. Most of the area in February 1992, and particularly the portions adjacent to mined roads, shows a substantial
reduction in the use of the land for agriculture. There are notable exceptions in the westernmost parts of the subscene. These areas,
which historically did not contain any medium or large population centers, may have been more secure from land mines and isolated
from hostilities than were other parts of the study area.

In contrast, the scene representing change in agricultural intensity in the substudy area between February 24, 1992 and April
20, 1995, shows increases almost everywhere in the substudy area. Relatively large increases in cropland use intensity are evident in
separate areas west of the Chire River. The roads cleared of land mines as of November 1994 are also indicated, suggesting that
removal of mines has been a major factor enabling the inhabitants of the area to resume cultivation.

CONCLUSIONS

Maps based on cropland use intensity interpretation of satellite imagery of a portion of the Zambezi River Valley at five
different times over a period of 22 years show dramatic differences in use of the land for agriculture. The devastating effects of war
and drought had virtually eliminated cultivated area in the study area in February 1992, as indicated by interpretation of satellite
imagery. Increased cultivation of land, the basis for economic activity in the study area, is seen to result from the October 1992 peace
accord and subsequent assistance by USAID and other donors.
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ENVIRONMENTAL SECURITY AND NASA’S MISSION TO PLANET EARTH

Ray A. Williamson
Space Policy Institute, George Washington University

ABSTRACT:

Recent research into the connections between resource scarcity and increased chances of human conflict has suggested that
the combined effects of renewable resource depletion and degradation, increased population density, and unequal resource distribution
could lead to increased conflict, both within countries and among them. Surprisingly, researchers have devoted relatively little effort
to understanding how Earth science might assist in reducing potential conflict. This paper explores the role that data from the suite of
Earth observing satellites operated by NASA, NOAA, and other institutions might have in increasing our understanding of the basic
processes and mechanisms that contribute to adverse environmental changes.

1. INTRODUCTION

Over the past decade, as concern over the effects of major changes in the global environment has intensified, scholars and
government officials have begun to examine the potential linkage between detrimental environmental changes and human conflict.
Although significant disagreement and uncertainty still exist over the exact causal relationship between these two concerns, recent
research has suggested that the effects of renewable resource depletion and degradation, especially when combined with increased
population density and unequal resource distribution, could contribute to increased political tensions and conflict, thereby weakening
states. These studies also suggest that environmental factors will play an increasing role in security matters (Homer-Dixon, 1991;
Homer-Dixon, et. al., 1993). Similar perceptions have become part of foreign and national security policy: "large scale environmental
degradation, exacerbated by rapid population growth, threatens to undermine political stability in many countries and regions" (White
House, 1994). Such instabilities often threaten U.S. economic and political interests, either directly or indirectly.

This project examines how the country might use NASA’s science data and research information tools to help give national
security planners and international development agencies advance warning of emerging environmental scarcities* throughout the
world. In support of this study, on March 19, 1996, the Space Policy Institute held the first of two planned workshops, attended by
participants from several governmental agencies, non governmental organizations (NGOs), and the university community (see below).
This workshop addressed in a preliminary way many of the study’s overall questions, including:

• What is environmental security?

• What are the greatest environmental risks to security (e.g., soil degradation, deforestation, pollution, drought,
floods)?

• What geographic areas are at greatest risk?

• What resources are at greatest risk (e.g., water, food, forests, habitat, soils)?

• What information is needed (scale, quality, frequency)?

• Related concerns (e.g., sustainable development, public health, population displacement, disaster recovery)

• What can the United States do to reduce the risks that environmental change or degradation will contribute to violent
conflict?

The following sections summarize the major points made at the workshop and in later discussions with workshop participants
and others. A final section presents a set of preliminary findings for further discussion.

2. WHAT IS ENVIRONMENTAL SECURITY?

A broad variety of commentators have written on the issues of environmental security and what they might mean for U.S.
national security,** each one approaching the concept from a different set of assumptions. Indeed, part of the difficulty of following
the current debate about environmental security is linked to the different meanings individuals have imparted to it. Environmental

                                                          
* Environmental scarcities are resource scarcities resulting primarily from environmental causes.
** See, for example, the articles and extensive bibliography in (Simmons, 1995; 1996).



security has been used in at least three primary contexts (Fleishman, 1995): to denote security of the environment from degradation
caused by human activities; to signify the impact of environmental change on social institutions; and to indicate the potential for
environmental degradation to assist in undermining political stability and therefore threaten U.S. national security either directly or
indirectly.

This inquiry has adopted the third approach: environmental security as it refers to the potential for environmental change
and/or degradation, whether induced by natural or human causes, to exacerbate other elements of conflict within nations or regions. It
takes as a working hypothesis the assumption that improved knowledge of the environmental factors causing sharp reductions in life-
sustaining resources such as water, food, or fuel would assist national security planners in identifying regions of critical concern for
conflict. Such knowledge would also assist in analyzing scenarios for ameliorating the effects of environmental degradation and
reducing the potential for destructive societal and political discord. At the very least, focusing on this issue will help develop a set of
observable facts about the environment that can be tested and used to assist in resolving disputes arising from degraded resources.

3. U.S. GLOBAL INTERESTS AND THE ENVIRONMENT

The importance of environmental issues in international affairs has caused the Department of Defense (DOD), the
Department of State, the Central Intelligence Agency (CIA), and other federal agencies with national security concerns to devote
increased attention to environmental matters. For example, in 1995, DOD and CIA sponsored a conference entitled Environmental
Security/National Security (Department of Defense, 1995), which stressed the need to include environmental conditions around the
world along with political, economic, and military factors in assessing potential threats to U.S. national security. DOD’s Office of
Environmental Security has an important part to play in applying environmental concerns to U.S. defense policy and action.

Secretary of State Warren Christopher recently affirmed the importance of global environmental matters to American
diplomacy in a seminal speech on the environmental challenges faced by the world community. Environmental security plays a
significant part in his thinking: "The second element of [State’s] strategy -- the regional element -- is to confront pollution and the
scarcity of resources in key areas where they dramatically increase tensions within and among nations" (Christopher, 1996). The
Department of State has integrated environmental issues into all phases of the planning and conduct of foreign policy (Department of
State, 1996).

These moves by the diplomatic and national security arms of the U.S. government are bolstered by several recent studies
showing that environmental degradation and resource scarcity are often factors in engendering or enhancing civil strife (Homer-Dixon
and Percival, 1996). These studies also illustrate the complexities of analyzing the potential role of environmentally-caused resource
scarcity and how it may interact with disparities in access to resources, population pressures, political structures, cultural practices,
and other social or political factors.

A population may be able to survive dramatic environmental changes of a single type, though at reduced levels of health and
effectiveness, without resorting to violence. For example, China’s famine in 1960-1962 killed millions of people and created enormous
hardship for millions more, but had relatively little effect on China’s political structure, or on the rest of the world. Some 140,000
individuals died in the 1991 Bangladesh hurricane, but this natural catastrophe engendered no appreciable conflict (T. Wagner,
personal communication, April 1996). Nevertheless, the threat to regional populations and to U.S. economic and political interests by
environmentally linked violence in some regions has led to considerable effort to understand and reduce such threats.

NASA, through its office of Mission to Planet Earth, is uniquely positioned to assist in tackling the challenges posed by
global environmental issues. It is gathering many of the data necessary to analyze environmental factors and contributing to the
scientific underpinnings for analyzing regional environmental changes. Its existing and planned future resources can also contribute to
establishing the scientific basis for possible mitigation strategies or for environmental restoration.

In order to make efficient use of the data and analytic capabilities that NASA’s program offers for responding to
environmental security concerns, analysts will need to follow a process similar to the following series of analytical steps:

3.1 Identifying data and information needs

Despite the attention environmental security has received over the past half decade in the national security community,
relatively little attention has been devoted to identifying and collecting the data and information that are required to understand
impending environmental security problems. Such collections should include data and information on how environmental degradation
affects people-so-called human dimensions data. Teasing out information from myriad data sources and conflicting, interwoven
factors requires sophisticated analytical tools. It also requires a close working relation with experts familiar with the social and
political factors that influence the onset of violent conflict.



3.2 Analysis and Modeling

Scientists supported directly by NASA or through universities have made major contributions to understanding global change
through research on specific environmental processes and through modeling environmental change. In many cases, the research
methods that underlie these efforts can be applied to issues of environmental security. NASA’s capabilities can also contribute to
research on means of predicting, mitigating, or restoring the effects of environmental degradation.

NASA has worked closely with NOAA and other agencies in the U.S. Global Change Research Program, such as DOE, the
Department of Interior (DOI), the Environmental Protection Agency (EPA), the National Science Foundation (NSF). It has also
formed strong ties with research agencies throughout the world. The movement to develop an international integrated global observing
strategy (IGOS) would strengthen such ties and likely increase the quantity and quality of data and information available to
environmental security researchers.

Analysis and modeling also needs to include the human dimensions side of the issue. USAID and other agencies that work
with affected populations in the field can supply scientific information and expertise concerning the effects of environmental
degradation on human populations of various areas.

3.3 Applying scientific results in field applications

Although understanding the processes and mechanisms behind environmental degradation is an essential first step in
addressing environmental security issues, mitigating the effects of environmental scarcity or developing the methods to restore a
degraded resource base requires an approach that takes into account complex environmental conditions in the affected area. Soil type,
water quality and availability, and other local factors will affect the choice of methods. Partnerships with other agencies are
particularly important in this stage of the process. NASA is primarily a research and development (R&D) agency whose strengths lie
in scientific analysis and the development of instruments and techniques to support that analysis.

Here again, partnerships with federal agencies and other entities that have direct field experience are critical to success in
transferring scientific results to applications. The recent partnership between the DOD, DOE, and EPA on environmental security,
cemented by a formal memorandum of understanding, is an example of one form of cooperative endeavor (MOU, 1996). Its initial
emphasis will be on enhancing environmental cooperation between the United States and foreign partners. NASA may wish to join
that partnership by contributing its extensive scientific expertise to increasing global prosperity and stability.

One of the most important partners in tackling these issues are the NGOs that assist with humanitarian relief, sustainable
development, and environmental disaster recovery. These entities assist other countries directly with field programs that attempt to
mitigate and repair existing environmental degradation and avoid future problems. NGOs intimate knowledge of conditions, the
people, and the culture make them invaluable in assisting the introduction and implementation of programs to correct environmental
problems.

Private enterprise also provides important assistance by contributing technical expertise and knowhow. The development and
marketing of environmental technologies is a growing component of U.S. industry (US Congress 1992).

3.4 Working with policymakers

What sets environmental security apart from some other environmental issues is the complexity of teasing out the interwoven
threads of causality that also involves complex social and political interactions. Compared to other aspects of security matters,
attention to environmental security is still in its infancy. Policyrnakers are also changing their perceptions of what constitutes a
security threat. Because of increasing population densities caused by extensive shifts to large cities, causing increased land
degradation, environmental factors may well increase in importance.

Because other federal , agencies, foreign institutions, and a number of NGOs are working on these related matters, making
the best of such potential synergies will require considerable attention to interagency coordination and cooperation, at the U.S. federal
level, with NGOs, and within the international community.

One of the major challenges of environmental security research will be to present the complexities of the results in a form
that would attract the interest of policymakers, both within the United States and within the involved countries, and encourage them to
enact policies designed to reduce or eliminate the processes of environmental degradation. This will require developing sensitivity to
the social and political implications of possible mitigation strategies, taking into account the needs and experience of different groups
within the countries involved. It will also require translating abstruse scientific results into the language and context of the
policymaker.



4. ENVIRONMENTAL INFORMATION NEEDS

Regardless of what precise role environmental changes may play in contributing to the context for violent behavior in a
society, early warning about possible resource scarcities would likely assist policymakers in reducing effects detrimental to society.
Yet, despite the considerable analytic effort related to determining the importance of environmental factors in conflict, relatively little
attention has been focused on what sorts of environmental information the foreign policy and national security community might need
to enhance environmental security around the world. What primary environmental data are needed? Over what temporal and
geographic scales? Where should the scientific research projects be focused?

Results from the worldwide global change research effort could assist in identifying regions of particular environmental
stress. However, most of the efforts of the U.S. Global Change Research Program have focused on longterm climate change. Analysts
of violent conflict need data and analysis of ecological phenomena on a local and regional scale, and need to be able to distinguish
between the environmental component of violent behavior and other contributory elements.

Workshop participants stressed that in order to understand what environmental changes have taken place and the trends they
indicate, researchers need a clearly defined baseline from which to measure them. Unfortunately, the currently available data sets are
of mixed quality and coverage, and generally focus on narrowly defined geographic areas or disciplinary research topics
(Homer-Dixon, personal communication, 1996). In many cases, researchers do not have available a thorough inventory of what data
might exist for a given region or time period. Some environmental processes lead to short term environmental changes; some are more
permanent. Therefore, researchers need base information that will allow research on environmental trends and the ability to craft the
means to mitigate the effects of degradation.

The workshop discussion confirmed that requirements for information and scientific research will vary widely depending on
the geographic area, the local environment, and on political boundaries. The workshop discussion yielded several suggestions for
some data sets. Additional material was provided in follow-up discussions. Researchers will need detailed information over broad
geographic areas for environmental factors such as the following:

• long-term soil degradation-productive soils can be degraded through salinization, erosion, compaction, and
pollution;

• loss of rangeland productivity-climate change and poor land management practices contribute to loss of
productivity;

• deforestation-loss of biomass, foods, other forest products regionally; increased erosion, loss of topsoil; contributes
to global climate change. Climate change, itself, may lead to major, longterm geographic shifts in species habitat;

• pollution sources and effects-persistent pollution may reduce ecosystem productivity and affect human health;

• drought-leads to loss of crops, water, biofuels, other resources;

• persistent flooding-causes serious disruption of commerce and daily life, loss of habitat, loss of crops, increases
environmental health risks;

• occurrences of violent storms and their effects-causes serious disruption of commerce and daily life, loss of habitat;

• reductions in amount and quality of water supply-degrades health and ability to sustain human life;

• urbanization-leads to loss of wetlands, farmland, forests, and other resources necessary to sustain life.

Creating a list of information needs is relatively straightforward. However, it is important to understand what environmental
factors make the greatest contribution to reduced social stability. How severe must the degradation be? How long does it take for
environmental factors to make a significant contribution to instability? What are the priorities for information and research? These are
questions that researchers have explored only in a preliminary way. For example, the work of Thomas Homer Dixon and his associates
suggests that ecological marginalization is one of the most important contributory factors to incipient violence (Homer-Dixon and
Percival, 1996: 7, 39). They showed that as populations in regions such as Chiapas and South Africa have been denied access to the
most productive farm and forest lands, they tend to move to ecologically fragile areas, quickly degrading their new resource base.

The workshop emphasized that analyzing the environmental factors affecting violent conflict will require a comprehensive,
multidisciplinary assessment. Research on the biophysical factors of environmental change will provide only part of the answer.



Information on such human factors as population densities, large scale population shifts, and future demographic trends will be needed
in order to interpret environmental factors properly.

5. CRITICAL GEOGRAPHIC AREAS

Many regions of the world are faced with environmental issues that could affect the population’s security. In general,
developing countries are much more susceptible to such factors because they have less resilient economies and may often have
unstable social and political structures as well. Workshop participants noted several general areas that are particularly susceptible to
environmental degradation and for which research projects should be defined. They stressed the importance of including indigenous
researchers in the projects. A workshop held in July 1996, devoted considerable attention to defining a set of research projects for
Africa, Asia, and Latin America.

6. FINDINGS

6.1 Introduction

This section summarizes the principle conclusions drawn either from the workshop or from additional later study.

6. 1. 1 Detailed information about large-scale environmental degradation in areas of marginal resource production may
provide important clues about how to lessen social and political tensions before they lead to violent conflict. Supporting research on
environmental security will assist the United States by contributing to the information required to reduce tensions in environmentally
vulnerable regions of the world, which might otherwise require a future commitment of U.S. troops and funds (Christopher, 1996).
The results of such research can also be applied to similar environmental regimes in the United States to assist local and regional
policymakers in developing methods that can be used to analyze and improve yields of U.S. renewable resources.

6.1.2 Since the 1960s, NASA has developed a wide variety of scientific remote sensing instruments and a extensive set of
sophisticated analytical tools. These capabilities could be extremely useful in providing data and analysis for the full range of
environmental issues dealt with by the foreign policy and national security community. NASA’s Earth Observing System and the
related Earth Probes were designed to provide data for the scientific investigation of global change, particularly climate change.
However, the data provide a range of scales and coverage of Earth’s systems, making them attractive for use in a variety of
applications as well.

A considerable amount of satellite data was gathered throughout the 1970s, 1980s, and early 1990s from several satellite
systems, including the NOAA polar-orbiting operational environmental satellite system (POES) and the Landsat system. These
historical data sources could be used effectively to analyze the environmental factors in past instances in which environmental scarcity
has apparently lead to conflict, and to guide future research. NASA, NOAA, and the USGS have collaborated on the EOS Pathfinder
Program to make such historical data available to researchers.

Although satellite data collection has generally received the most attention from Congress and the media, the analytical tools
NASA has developed to enable scientists to extract useful information from the satellite data are as important in the research process.
These tools include complex algorithms that transform raw data into useful data sets and methods to merge large data sets from
different sources, allowing detailed comparisons over space and time.

NASA is not structured to respond quickly to environmental flashpoints around the world. Rather, its skills lie in the analysis
and understanding of chemical, physical, and biological processes of the environment and identification of what are often subtle
environmental trends. Nevertheless, NASA’s research capabilities, including its extensive archives of remotely sensed data and its
analytic techniques, can contribute to the development of methods that would allow operational agencies, such as DOD and USAID,
to identify and respond quickly to regional environmental problems.

6.1.3 In the near term, NASA could especially assist research on environmental security issues by providing data and analysis
for detailed retrospective environmental studies of regions that have experienced recent conflict. Research on the relationship between
environmental degradation and conflict has demonstrated the likelihood that environmental factors have played a role in violent
conflict in settings as widely separated geographically as Chiapas, the Mid East, and South Africa (Homer-Dixon and Percival, 1996).
Because much of the necessary preliminary analysis concerning the relationship among social, political, and environmental factors has
already been performed in such regions, future environmental security research would benefit by focusing attention on these areas. In
all three geographic areas, local and U.S.-based NGOs have developed considerable expertise that would allow detailed environmental
data on the areas to be put to effective use in deepening the understanding of the relationship between environmental degradation and
conflict.



It will be important to target specific geographic areas and environmental factors for research. NASA already supports
research in various areas that could be examined for its applicability to environmental security. NASA, for example, funds a variety of
research projects in Central and South America, China, the Mid East, and along the border between Mexico and the United States that
examine issues related to environmental security.

6.1.4 Environmental security issues are closely linked geographically and by type to other environmentally-related issues
such as sustainable development, public health, large-scale population displacements, and disaster relief. Scientific research on
environmental changes that affect the ability to sustain economic and social development will generally be useful to environmental
security planners and vice versa. The results of research on disaster relief, recovery from the environmental effects of war, and large
scale pollution would also shed light on environmental security. Research in all of these areas is likely to assist moving to a more
sustainable future.

6.1.5 Basic data sets on land use and land cover would be particularly effective in sustaining research on environmental
security and sustainable development. Environmental security researchers point out that they often lack the most basic data on land
use and land cover in many regions. Such data would allow them to characterize the existing state of the region and detect significant
changes as they occur. They could also benefit from research into ways to detect changing patterns in land use and what such changes
might mean for environmental security. NASA has recently instituted a program in land cover and land change, which could be
beneficial to such research (NASA, 1996).

6.1.6 Non Governmental Organizations (NGOs) have major roles not only in identifying regions at risk of violent conflict
from environmental degradation, but also in assisting efforts to reduce such risks. Nongovernmental organizations (NGOs), both in the
United States and in other countries, constitute an important asset in the reduction of tensions related to environmental degradation.
They have been on the front lines of assisting developing countries to reverse the effects of environmental degradation and to promote
sustainable development. NASA’s data and analytical capabilities from Mission To Planet Earth will be of enormous assistance to
these organizations in establishing the scientific basis for their operational efforts. However, two of the biggest difficulties NGOs face
in using NASA’s capabilities is their relative ignorance about what data are available and how to put them to effective use. Most NGO
staff members are not physical scientists skilled in the analysis and interpretation of remotely sensed data, but rather managers more
familiar with improving resource management and production in the field. Hence, they would benefit from learning how to apply
NASA’s science results most effectively to their particular applications.

Because of their experience working with officials in their countries of interest, NGOs are able to develop applications that fit
the cultural and political needs of the countries in which they work. They can also train indigenous technicians in the use of remotely
sensed data and how to apply them to the specific local and regional needs. These capabilities would strengthen NASA’s efforts to
extend the use of its scientific data for applications.

It will be particularly important to determine how to make the data sets useful in mitigating the effects of environmental
degradation. Among other things, the results of such analyses need to be put in forms that are accessible to decision makers. This will
require considerable attention to integrating social and political considerations in mitigation plans, for which the expertise of NGOs
will be important.

6.1.7 Substantial progress in addressing security-related environmental problems will require increased efforts to coordinate
research and applications among the agencies. Several U.S. civilian agencies have the skills and resources needed to contribute to
research on environmental security issues and to create applications based on research results. DOE, EPA, NOAA, USAID, and the
Department of Agriculture, in particular, have programs that could feed into such research. The national security community also
needs to become more aware of NASA’s research agenda and capabilities, and NASA needs to understand the national security
community’s requirements for data and information. However, the first step is to share information regarding capabilities and interests.
The workshops held in support of this research provide one such example. A number of other workshops have been held to bridge this
gap, and have resulted in greater understanding among the agencies with interests in environmental security (Simmons, 1995; 1996).

6.1.8 Data from commercially owned and operated satellites, especially those that gather high resolution data, may in the
future provide an excellent source of additional information about critical environmental areas. Several U.S. firms are developing
systems to collect and market remotely sensed data. In the near term, experiments with data from NASA’s "Clark" remote sensing
satellite should provide useful insights into the future use of high resolution commercial data. The primary sensor on Clark will have
the capability of providing panchomatic data of 3-meters resolution and multispectral data of 15-meters resolution, which is identical
to the first EarthWatch commercial satellite, expected to be launched in the near future. NASA’s "Lewis" satellite will capture
multispectral data in 384 spectral bands at 30 meters resolution. Such data should provide insights into the use of many spectral bands
in following environmental changes. Data from SeaStar, which will collect data over both sea and land at low resolution, will of
considerable utility in following large scale environmental changes. Data from these systems should be investigated for their
applicability to environmental security.
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ABSTRACT

The relationship between the surface heat fluxes and certain ground cover parameters (i.e., the NDVI, and the surface
radiation temperature) were examined in a 100 x100-km grid square centered at the site of the First ISLSCP (International Satellite
Land Surface Climatology Project) Field Experiment (FIFE) site in Kansas and at a semiarid rangeland site centered on the Walnut
Gulch catchment in Arizona. The purpose of this study was to provide insight into methods of treating the variability of surface
properties in a general circulation model (GCM). The surface heat fluxes were calculated using ground parameters derived the
NOAA/AVHRR data and available meteorological data. No consistent relationship was found between the surface heat fluxes and any
of the ground cover parameters when all data from the entire 100 x100-km area was considered. This was assumed to be a result of the
inhomogenous nature of the ground cover in the area. This suggested that since the heat flux estimates in GCMs are normally derived
using single ground cover representations of the grid area, the heat flux estimates for a grid area with inhomogenous ground cover will
undoubtedly lead to large estimation errors. When the ground cover for each 100 x100-km area was partitioned into a dominant
ground cover class (i.e., the ground cover that represented the largest fraction of the area) and at least one secondary class, a more
consistent relationship was found. This suggested that representative values of the surface heat fluxes could be determined for the
subareas and that when a GCM grid area is characterized by inhomogenous ground cover, partitioning the grid area according to the
ground cover could lead to smaller estimation errors for the heat fluxes.

To examine the above results, the area-averaged heat fluxes for the 100 x 100-km areas were estimated using two
ground-cover representations: a single ground cover representation based on average parameters for the area having dominant ground
cover class and a partitioned-grid approach based on subarea-averaged parameters. These heat flux estimates were compared to
ensemble-averaged heat fluxes for the entire area, which were assumed to be the best representation of the heat fluxes that were
possible. The partitioned ground cover approach produced about 40 % reduction in the mean error for the area sensible heat flux and
about a factor of 7 reduction in the mean error for area latent heat flux compared to the single ground cover representation.

1.0 Introduction

This paper presents the results of a study which examined the relationship between surface heat fluxes (i.e., sensible and
latent heat fluxes) and certain surface properties (i.e., the normalized difference vegetation index [NDVI] and the ground/canopy
temperature) within a 100 x 100-km grid square (i.e., a 10,000 km2 area) centered at the following locations: the First ISLSCP
(International Satellite Land Surface Climatology Project) Field Experiment (FIFE) site in Kansas and a semiarid rangeland site
centered on the Walnut Gulch catchment in Arizona. The motivation for our study is to provide insight into methods of treating the
variability of surface properties in a general circulation model (GCM), with the broader goal of improving estimates of the surface
heat fluxes for climate simulation.

2.0 Analysis Procedures

The NOAA/AVHRR (Kidwell 1991) polar orbiting satellite, having a 1 km nadir pixel resolution, a 2,048 pixel swath width,
and a 12 day revisit time, provided the primary satellite data used to derive estimates of surface radiation temperature and vegetation
index. The degradation of the optical sensors on the AVHRR, coupled with the lack of an on-board optical calibrator, has resulted in
the need to provide an additional post-launch vicarious calibration from the pre-flight calibration coefficients (Che and Price 1992,
Kaufman and Holben, 1993). We used data from the AVHRR thermal on-board calibrator to radiometrically correct bands 4 and 5.
However, because of daily instrument variations due to solar heating, additional non-linear radiometric corrections were implemented.



AVHRR image rectification was implemented using rubber sheeting techniques with ground (master) and image (ii-nage to
image) control points. The data were registered to a map projection (e.g., either the Interrupted Goode Homolosine map projection
[Steinwand, 1994]), the Lambert Conformal or the latitude-longitude (Plate Caree) projection. AVHRR data were often contaminated
with numerous cloud effects. Iterative and interactive image processing techniques were used to remove cloud effects. Corrections of
AVHRR data for Rayleigh scattering and ozone absorption were modeled using algorithms not requiring in situ data (Goward et al,
1994; Fraser et al, 1989; and Tanre et al, 1992). However, atmospheric effects from aerosols and water vapor are highly variable, both
spatially and temporally. For our AVHRR atmospheric corrections, we used the "6s" atmospheric correction model (i.e., Second
Simulation of the Satellite Signal in the Solar Spectrum model), inputting site estimates of water vapor and aerosol optical depths
when available (Tanre et al, 1992; Vermote et al, 1994). The model incorporates a successive order of scattering method for correcting
aerosol effects, with a reported accuracy of 1 x 10-4 in reflectance units.

After processing AVHRR bands 1 and 2 in the manner described above, the normalized difference vegetation index (NDVI)
was estimated using the following formula.

where r1 and r2 are the reflectivities in AVHRR bands 1 and 2.

For NOAA AVHRR infrared data and radiation temperature estimation, the split window technique described by Strong and
McClain (1984) for ocean surfaces was used to correct band 4 and band 5 spectral data for atmospheric effects. Strong and McClain
reported a RMS difference of 0.6°C between derived surface temperatures and temperatures frorn drifting buoys. For land surfaces,
because the canopy/ground emissivity is different from that for water, the accuracy is to within ± 3°C of in situ measurements (Cooper
and Asrar, 1989). To adjust the derived temperature for surface emissivity effects, the following relationship (Vukovich et al, 1987)
was used.

where es is the sea-surface emissivity, eg is the canopy/ground emissivity, n is a non-dimensional exponent, and TSat is the
temperature from the split window procedure. The value of n, according to Price (1985), is approximately 4.5. A sea-surface
emissivity of 0.99 is used. The use of NDVI to scale canopy/ground emissivity (Toll and Vukovich, 1990) was evaluated where
possible. We hypothesize that the increase in vegetation density (which is equated to an increase in the NDVI) will cause an increase
in the canopy/gound emissivity.

The heat flux was estimated using a one-layer, one-dimensional (1D) bulk aerodynamic model similar to that commonly used
by GCMs. The model accounted for the vertical (i.e., one dimensional) heat flux at the surface. The heat flux is generally given as the
potential difference across the surface multiplied by an exchange coefficient. The algorithms used to estimate the sensible and latent
heat fluxes were selected based on the availability of data to make the calculations on the required spatial scale.

The general expressions for the sensible heat flux, Hs, and the latent heat flux, LE, are given below.

where C is the transfer coefficient, To is the surface air temperature, qo is the surface air specific humidity, Vo is the surface
wind speed, Tc is the canopy/ground temperature, qg is the saturated specific humidity at temperature Tc, and α is the moisture
availability term. Sellers et al. (1992) has indicated that the NDVI is nearly a linear function of the changes in the unstressed canopy
conductance and unstressed photosynthetic capacity for homogenous vegetation cover with a dark soil background. Based on these
results, the moisture availability term was assumed as a first order approximation to be a linear function of the NDVI, and the flux of
water vapor to the atmosphere was assumed to increase as the ground cover became more green (i.e., α = αc [NDVI –
NDVI min]/[NDVI max – NDVImin] where αc is the linear coefficient of moisture and NDVImax and NDVImin are the maximum and
minimum observed values of the NDVI). The value of the moisture availability term (and of the linear coefficient of moisture) was



determined through a calibration at the sites chosen. For this study, positive heat fluxes are fluxes from the ground to the air, and
negative heat fluxes from the air to the ground.

Differences between the approaches used to estimate the surface heat flux in one GCM compared to another GCM are usually
in the method used to estimate the exchange coefficient. In many GCM models that use the aerodynamic approach, the transfer
coefficient, C, has the following general form:

and C1 is a parameter with the dimensions of velocity squared and is a function of the height at which To and Vo are
measured. ∆T is the surface air and canopy/ground temperature difference, and zo is the roughness length. The function f( ) in
Equation 2 depends on the boundary layer stability (i.e., the sign of RB). The transfer coefficient was estimated using models presented
in Fleagle and Businger (1963); i.e.,

where d is the displacement height, ξ is z/L, and L is the Monin-Obukov length. In this modeling exercise, ξ was
approximated using the bulk Richardson number (Businger, 1973).

For this study, the surface radiation temperatures, Tr, were estimated using the NOAA/AVHRR infrared data, and these were
converted to a canopy/ground temperature, Tc. The radiation temperature is not equivalent to the canopy/ground temperature which is
used in the sensible heat flux equation (i.e., Equation [1]). Hall et al. (1992), Vining and Blad (1992), and others have determined an
empirical model for the relationship between Tr and Tc. The radiation temperatures were converted to canopy/ground temperatures
using an empirical model before the heat fluxes were calibrated.

The surface roughness was assigned to each 1 x 1-km grid square assuming that it was a linear function of the NDVI similar
to that used for the moisture availability term. The initial estimate of the surface roughness was obtained from Frost and Nowak
(1979).

Basic meteorological data were used for this study; e.g., surface air temperature, wind, and humidity data. The data that were
obtained from the field studies (i.e., FIFE and the Walnut Gulch experiments), and were supplemented with available National
Weather Service data. A bi-spectral objective interpolation procedure (Carter and Robinson, 1987) was applied to provide
meteorological data over the 100 x 100-km grid area at a 1-km resolution consistent with the NOAA canopy/ground temperature data.
The interpolation procedure developed a distribution of the meteorological forcing over the area which was smooth and which did not
capture the effects of significant ground cover differences. The lack of sufficient meteorological data over each of the 100 x 100-km
areas created a significant uncertainty in the calculation of the heat fluxes.



3.0 The Case Study Comparisons

The FIFE case study was on 6 June 1987, and for the Walnut Gulch program, on 5 June 1990 . The time of day was dictated
by the time the NOAA/AVHRR data were obtained, which was about 2100 Z. The 100 x 100-km FIFE region was characterized by
two primary classes of ground cover: prairie/farm lands and large lakes/reservoirs, which produced distinct features in the surface heat
flux, canopy/ground temperature, and NDVI analyses (Figure 1). The relationships between the surface properties and surface heat
fluxes were rather inconsistent and very poor in some cases when the entire 100 x 100-km region was considered (Figure 2 and Table
1). The only reasonable correlation was between the surface heat flux and canopy/ground temperature.

The 100 x 100-km Walnut Gulch region was also characterized by two distinct classes of ground cover: a semiarid rangeland
region and a number of small forest regions (e.g., a portion of the Coronado National Forest), and these too produced distinct features
in the surface heat flux, canopy/ground temperature, and NDVI analyses (Figure 3). The comparisons between the surface properties
and the surface heat fluxes were better in this case that for the FIFE case (Figures 4 and Table 1). The correlation between the NDVI
and latent heat flux was quite high. Reasonable correlations were obtained between the surface heat fluxes and canopy/ground
temperature. There was, however, no consistent relationship between the surface properties and the surface heat fluxes when both case
studies are considered.

When each of the 100 x 100-km regions were partitioned into primary and secondary ground cover classifications and the
relationships between the surface heat fluxes and the surface properties were examined using data from the primary and secondary
ground cover classifications independently, the correlation between those parameters improved significantly in almost all cases. The
primary and secondary ground cover classifications for the FIFE and Walnut Gulch regions are described in Table 2.











The correlation (Table 3) between the surface heat fluxes and NDVI was negative in the primary ground cover region (i.e.,
the prairie) for FIFE and in the secondary ground cover region (i.e., forest) for Walnut Gulch, both being basically vegetation ground
cover. It was positive in the secondary ground cover region (i.e., the lakes) for FIFE and in the primary ground cover region (i.e.,
semiarid rangeland) for Walnut Gulch; both of these surfaces were, to a large extent, not vegetation. Except for the comparison
between the ground/canopy temperature and the latent heat flux for Walnut Gulch, correlations between the ground/canopy
temperature and the surface heat fluxes were positive. The 5 June 1990 Walnut Gulch case study occurred in a very dry period which
appears to have affected the relationship between the ground/canopy temperature and the surface heat fluxes; i.e., the negative
correlation infers that the regions with the largest temperatures are the dryest regions, having the least latent heat flux. The comparison
between the ground/canopy temperature and the latent heat flux in the primary ground cover region for Walnut Gulch also produced
the smallest correlation coefficients for either the comparison of the latent heat fluxes with either ground/canopy temperature or the
NDVI. It is not clear why this occurred.

4.0 The Surface Heat Flux Estimation

The results in Section 3.0 suggest that in a large area (e.g., a 100 x 100 km) characterized by inhomogenous ground cover,
since a better comparison between the surface properties and the surface heat fluxes was found by partitioning of the grid area
according to the ground cover types that dominates the area, a better representation of the area heat fluxes should be accomplished by
partitioning of the grid area according to ground cover and estimate the area heat flux as a function of the heat fluxes in the partitioned
areas.. To test this hypothesis, the surface heat fluxes for the entire 100 x 100 km grid area were estimated for each case study in three
ways.



• Approach A: the area heat fluxes were calculated as the average of the heat fluxes for each 1-km grid point. This
value was assumed to be the best representation of the area heat fluxes.

• Approach B: the area heat flux was computed using the average values of the meteorological and ground
parameters over the entire 100 x 100 km grid area for each case study. This approach represents the method
presently used in GCMs to estimate the heat fluxes and is considered a single ground cover approach.

• Approach C: the area heat flux was the weighted average of the estimated heat flux for the primary and secondary
ground cover regions within each 100 x100 km areas (i.e., the sum of the subarea heat fluxes multiplied by
fractional areal coverage for each ground cover). The subarea heat fluxes were estimated using the average
meteorological data for the entire 100 x100-km area and subarea average ground properties.

To obtain a representative sample, the surface heat fluxes were also determined for Forest Ecosystem Dynamics (FED) site in
central Maine, besides the FIFE site in central Kansas and the semiarid rangeland site around the Walnut Gulch catchment in Arizona.
The number of case studies were increased at each site: the FIFE case studies included 6 June and 7 October 1987; the FED, 30 June
1989 and 8 September 1990; and Walnut Gulch, 5 June 1990 and 4 August 1990. Table 4 provides the error statistics for the sensible
and latent heat fluxes estimated using Approach B and C. The errors were estimated relative to the heat fluxes determined using
Approach A.



For Approach B or the single ground cover approach, the mean error for the area sensible heat flux was about 10 % and for
the area latent heat flux about 21 % (Table 4). The range in the error was broad for both the area sensible and latent heat fluxes, but it
was greatest for the latent heat flux. Applying Approach C, or the partitioned ground cover approach, to estimate the area sensible heat
flux yielded about 40 % reduction in the mean error and about a 2x reduction in the error range. For the area latent heat flux, there was
an even more significant effect. The mean error was reduced by about a factor of 7 and the error range, by about a factor of 8.

5.0 Summary and Conclusions

The surface properties and their relationship to the surface heat flux were examined in a 100 x100-km area centered at the
location of the FIFE site in central Kansas and a semiarid rangeland site around the Walnut Gulch catchment in Arizona to provide
insight into methods of treating the subgrid-scale variability of these parameters in a GCM to improve climate simulations. The
surface properties, the NDVI and the ground/canopy temperatures, were determined from NOAA/AVHRR data The heat fluxes were
estimated at 1-km spatial resolution using 1-D models similar to those commonly used in many GCMs.

It was shown that little or no consistent relationship existed between surface properties and the surface heat fluxes when the
entire 100 x100 km area was considered. However, when the 100 x100 km area was partitioned according to the dominant ground
cover, i.e., a primary and secondary ground cover, a more consistent relationship was found. This suggested that for grid areas that are
characterized by inhomogenous ground cover, a better representation of the surface heat fluxes for the entire area can be accomplished
by partitioning of the grid area according to the dominant ground cover types and estimating the area property as a function of
properties of the subarea.

To test this hypothesis, the 100 x100 km areas were partitioned into a primary and secondary ground cover subareas and the
total area surface heat fluxes were estimated for each case study using the weighted averages of the estimated heat flux for the
subareas, Approach C. The subarea heat fluxes were estimated using the average meteorological data for the entire 100 x100-km area
and subarea average ground properties. This estimate of the surface heat fluxes was compared to the area heat flux calculated as the
average of the heat fluxes for each 1-km grid point, Approach A which was assumed to be the best representation of the area heat
fluxes. The area heat flux was also computed using the average values of the meteorological and ground parameters over the entire
100 x100 km grid area for each case study, Approach B which was similar to the method presently used in many GCMs to estimate
the heat fluxes. Approach B, the so called "single ground" cover approach, had a 10 % error for the area sensible heat flux and a 21 %
error for the area latent heat flux relative to Approach A. The error range was broad for both area sensible and latent heat fluxes, and
was greater for the latent heat flux. Approach C, the partitioned ground cover approach, produced about 40 % reduction in the mean
error and about a 2x reduction in the error range for the area sensible heat flux. For the area latent heat flux, the mean error was
reduced by about a factor of 7 and the error range, by about a factor of 8. These results support the notion that partitioning the a GCM
grid area by dominant ground cover to account for subgrid scale variability, will produce better estimates of the grid area surface heat
fluxes.
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ABSTRACT

Landsat TM data have been used for the classification of crops and other vegetation in small areas, often consisting of
perhaps a few counties. On the other hand, AVHRR data has been used for continental scales for fewer specific categories of data.
While the TM classification might contain six classes of spring wheat, AVHRR data might have six classes of all crops.

In this study, we investigated the feasibility of using AVHRR to classify regions of spring wheat in North Dakota. First, areas
of intense agriculture were used to do an unsupervised classification using AVHRR data (nine images from 1994). The areas of
intense agriculture were split into three groups: Stratum 11 East, Stratum 11 West and Stratum 12. An unsupervised classification of
Stratum 11 East was done. Comparing the classes based on Stratum 11 East with a TM classified image (Southeastern North Dakota),
the percentage of land area for each AVHRR class that was spring wheat could be estimated. Once this step was completed, the
signatures from Stratum 11 East were used to classify Stratum 11 West and Stratum 12. At the State level, the accuracy closely
matches the State’s report for 1994.

A second method was used in an attempt to improve the accuracy at the county level. In the second method, the unsupervised
classification was performed on areas of all strata which overlapped the TM scene. The unsupervised classification was used to
classify the rest of the AVHRR image. The number of TM spring wheat pixels in overlapping AVHRR pixels provided a means of
predicting percentages of spring wheat for each AVHRR category. This relationship of percentages of spring wheat in each category
between TM and AVHRR categories was then extended to the state level. These estimates of spring wheat acreage were much better
than the initial method at the county level.

INTRODUCTION

Classification of remote sensing data to produce acreage estimates may require trade-offs when dealing with large areas of
cropland. Although the 30 meter pixel of Landsat TM data is inherently more accurate than AVHRR data at one kilometer resolution,
the costs of purchasing, classifying, and creating acreage estimates is much greater for Landsat TM data. Therefore, various studies
(Cross, et al., 199 1, Ediriwickrema, et al., 1996 ) have established methodology to relate Landsat TM classifications for small areas to
AVHRR data in an effort to extend the TM classification over a much larger area. The primary advantage of such procedures is the
cost savings that accrue. The usual disadvantage is that the accuracy and number of categories selected using AVHRR data is much
lower than the number of categories within the Landsat TM data.

Besides the lower cost and greater availability of AVHRR data, the fact that the AVHRR data is available at nearly daily
overpass dates is certainly a great advantage. Compositing the AVHRR scenes using the greatest Normalized Difference Vegetation
Index (NDVI) (Edenshink, 1992 ) is one way to create nearly cloud free composite images over a fourteen day period for the U. S.
When examining a relatively small area of a State as here for North Dakota, selecting cloud-free imagery is possible by simply
choosing images during the growing season that are cloud-free for the state. This process of using single date imagery permits greater
control over the selection of the "best" data for a specific area.

USDA/NASS (Bellow et al.., 1993 ) has developed methodology using sampling regression procedures with Landsat TM
classified data and ground data to make acreage estimates at the county and State levels. Use of this methodology requires randomly
selected ground truth segments within the counties.

However, using this methodology with AVHRR data is not possible. The AVHRR pixel’s size of one square kilometer
prevents associating each AVHRR pixel with a unique crop type. Rather, in this study percentages of spring wheat within the AVHRR



pixels was of primary interest. Also, each AVHRR pixel contains various ground cover types within a given one-square mile segment.
The combination of these two difficulties with AVHRR data prevented use of the sampling regression estimator. Instead, the AVHRR
pixel counts within each of the categories were multiplied by the percentage of spring wheat related to that category to provide
acreage estimates.

Another of USDA/NASSs regular methodological uses of Landsat data is that of creating land use stratifications according to
the percentage of agriculture within the State (Hanuschak and Morrissey, 1977). The strata created during this process are useful in
USDA/NASS’s standard June Agricultural Survey during which farmers in the randomly selected segments are surveyed to determine
the crops planted in their fields (Houseman, Area Frame Sampling in Agriculture, 1975).

NASS selects segments with a higher probability from the strata containing a higher percentage of crops. Low cropping
intensity strata (usually, with strata numbers greater than or equal to 20) contribute little to the State’s crop acreage and so can often be
excluded in the classification process. Indeed, for AVHRR data, the classification accuracy for these lesser cropped areas appeared to
be only marginally accurate. Therefore, this study concentrated on the primary agricultural strata 11 and 12.

DATA:

Two sets of data were used in this study. Landsat TM data that covered the Southeastern comer of North Dakota was
categorized by USDA/NASS into 111 categories(Cook, et al., 1996). This was used as a template to assign percentages to the AVHRR
data. The AVHRR data was collected for multiple dates (May 7, May 26, June 29, July 2, July 11, July 17, August 4, August 25,
September 6).

METHODOLOGY:

Two methods were used to attempt the categorization of AVHRR data. The first method focused on areas of high intensity
agriculture. Since the main purpose of this study was to extend crop areas from the TM data, cropping Strata seemed to be the best
land areas to define categorization areas. USDA/NASS’s Area Frame Section uses Landsat data to delineate homogeneous areas of
each state according to broad land use criteria. Although States may vary as to the specific categories of landuse into which they are
divided, the strata in North and South Dakota have similar definitions. Specifically, the Strata for the two States are as follows:

1) Stratum 11 - most intensive agriculture (greater than 75% cultivated),
2) Stratum 12 - medium intensive agriculture (51 to 75% cultivated),
3) Stratum 20 - least intensive agriculture (15-50% cultivated),
4) Strata 31-33 - urban/city categories,
5) Stratum 40 - grassland/pasture (less than 15% cultivated),
6) Stratum 50 - National Parks, and
7) Stratum 62 - water.

The first attempt at creating Landsat categories consisted of subsampling five areas of interest (AOI) within the eastern
Stratum 11 of North Dakota. Using these five AOIs, a "signature" corresponding to a multivaritate normal distribution of each AOI
was created. The "signature"’s consist of the mean and variance-covariance matrix of the bands. Maximum likelihood categorization
of the remaining pixels in the State assigns a category to each pixel according to its Mahalanobis distance from each of the five
signatures. If the pixel does not match exactly with one of the existing categories, then it is assigned to the category closest in terms of
the Mahalanobis distance (eq 1) as follows:



After categorizing the entire State, the TM and the AVHRR categorized images were converted into ARC/INFO grids. Next,
the composition of each AVHRR category was determined. For the area of overlap between the AVHRR and TM scenes, a count of
the total number of TM pixels overlapping each AVHRR category was made. Also, the number of pixels for each of the 111 TM
categories that overlapped each AHVRR category was calculated. Within each AVHRR category, the number of TM pixels in a TM
category were divided by the total number of TM pixels that the AVHRR category overlapped to produce the percentages of TM
categories of which the AVHRR category was composed.

For example AVHRR category y, however, might contain 1980 pixels. Of those 1980 pixels, 500 could be TM category a and
1 could be category b, and so forth. Thus AVHRR category y would be 25.25% TM category a and basically 0% category b and so
forth... Initial matchings with the 111 TM scene categories were too complicated without any easy patterns. As a result, the TM scene
categories were lumped into six categories (woods, crops (non-spring wheat), pasture, non-agriculture, spring wheat, and water). The
percentages were recalculated and, overall, a more discernable pattern resulted. For example, the area in which AVHRR category 10
existed had 55.6% of its area matched with TM Spring Wheat class,, and 20% of its area matched with Landsat TM category non-
Agriculture. A complete listing of the AVHRR categories and their composition is displayed in Table 1. Based on this information,
estimations of spring wheat for the state and counties could be made.

Initial matchings between the thirty eight AVHRR categories and the 111 TM scene categories were too complicated to
discern clear patterns of matching categories. Consequently, the 111 TM scene categories were combined to form six categories
(woods, crops (non-spring wheat), pasture, non-agriculture, spring wheat, and water) that would relate to the AVHRR categories. The
percentages of the combined Landsat categories within each AVHRR category were recalculated and, overall, a more discernable
pattern of matching categories resulted. For example, the area in which AVHRR category 10 existed had 55.6% of its area matched
with TM Spring Wheat class, and 20% of its area matched with Landsat TM category non-Agriculture (and so forth). Based on this
information, estimates of spring wheat acreage for the State and counties could be made.

To improve prediction of acreages at the county level, some changes were made in the methodology of matching Landsat TM
categories with the AVHRR categories. The first major change was that the AOI’s for the initial signature creations were chosen from
many areas within the TM scene.





For example, in the first method described, only areas of intense agriculture were chosen (that is, stratum 11). However, in
the second method, areas of intense agriculture were also chosen, but areas of pasture or non-agriculture were also included in the
AOI’s.

After creating a new "signature" file, this second methodology proceeded in the same way as previously explained.. Another
major change in this method was that two dates thought to be free of clouds in the Southeast comer of North Dakota proved to have
clouds. As a result, AVHRR data from June 29 and August 25 were merged with AVHRR data from June 28 and August 23,
respectively, to create an image that was cloud free.

RESULTS

To estimate the accuracy of the categorization, calculating the acreage of spring wheat for each county was necessary.
Calculating the area within each county for each particular category and summing the areas provided spring wheat acreage estimates.

The acreages calculated using the first method gave a reasonable acreage for the State, but the acreages were not consistently
accurate at the county level. Overall, the second method provided more accurate county level estimates than did the first method.
Spring wheat acreages for many western counties were not accurately predicted. Several variations of the second method were tried to
overcome these shortcomings.

To determine to which category a given AVHRR pixel should belong, varying the degree of uncertainty (or highest
mahalanobis distance) with which the given pixel was accepted into a given category was tried. An example of mahalanobis distance
is displayed as a map in Figure 1. Three values for mahalanobis distance were tried. One method used the distance of 39.4, another at
60 and a final one at 200.

As the spring wheat wheat county acreage estimates show, the western counties still were not represented well. Another
refinement of the procedures was made by making the assumption that areas not within strata 11 or 12 were likely to have been
misclassified and so should be ignored. Clearly, selecting only strata 11 and 12 improved the predicting ability of method two. Figures
2 and 3 depicted percentages of areas devoted to growing wheat before and after Strata 11/12 were applied. In the western counties
substantial areas previously considered as growing wheat was as a result discounted from the estimations.

Since categorization usually overestimates acreage, the relationship between estimated acreage and reported acreage for the
five southeast counties (Richland, Sargent, Ransome, La Moure, Dickey) was calculated and applied to the results from method two.
The resulting column of county acreage are listed as corrected. The acreage based on the various methods is shown in Table2.

A map displaying the percentage correct using method two, but not corrected, is shown as Figure 4. Usually, eastern
countiesad better estimates of spring wheat acreage than did those in the western part of the state.

DISCUSSION AND CONCLUSION

Because the TM scene was in the southeast comer, land cover in other areas of the state were not well represented within the
"signature" file. If we had chosen to create AOI’s in the western region of North Dakota, a large portion of the western region would
have been categorized more accurately. However, since those categories would have been unlikely to appear in the region overlapped
by the TM scene, learning the land cover composition of those particular categories were would have been impossible. A possible
solution for states that have large environmental differences, would be to choose a TM scene that contains both areas (such as central
North Dakota), or to pick two scenes at either end of the state (such as southeast North Dakota, and northwest North Dakota).
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ABSTRACT:

Many scientists have reported that they detected fringe pattern caused by the Great Hansbin Earthquake using JERS-1/SAR
interferometry. But the fringe pattern is obtained from only one pair of data. The purpose of this study is to evaluate the validity of the
fringe pattern, and to compare the fringe pattern with ground survey results.

For the first purpose, we made six interferograms and compared them each other. Each pair of data used consists of two SAR
images acquired 1)before and before, or 2) before and after, or 3)after and after the earthquake. Among the interferograms,
crescent-like fringe pattern was appeared in only two pairs of them, those which were produced from pairs of images before and after
the earthquake. The interferograms which could generate fringe pattern were pair of 1)September 9, 1992 and February 6, 1.995, and
2) October 10, 1993 and May 5, 1995. For tile other pairs of images, no fringe pattern was generated because there was no relat ive
change on ground.

For the second purpose, we compared fringe pattern with the movement of earthquake fault obtained by the ground survey.
On the whole, the trend of the displacement pattern is similar between the fringe pattern and ground survey results.

From these results, it is considered that the fringe patterns shows displacement caused by the earthquake. But we must take
care of comparison of ground survey result with fringe pattern, because ground survey result shows displacement at each observation
point along the fault and does not represent the whole movement over Awaji Island which appears in the fringe pattern.

1. INTRODUCTION

A big earthquake occurred in the Hanshin-Awaji region in Japan on January 17, 1995. The magnitude was 7.2 on the Richter
scale, and an earthquake fault appeared in the northwestern part of Awaji Island. This fault is called Nojima, Fault. The maximum
displacement caused by Nojima Fault was 1.8m in horizontal and 1.3m in vertical according to ground survey(Lin et al., 1995).

Recently, interferometric SAR technique has made remarkable progress in finding and estimating the earth displacement
(Massonet et al., 1993). This study has two objectives: 1) to evaluate the validity of fringe pattern obtained until now, and 2) to
compare displacement shown in an interferogram with ground survey results.

For tile first objective, We calculated baseline length between almost all available pairs of images to obtain better condition
to make interferogram, and made interferograms from a pair of images taken before tile earthquake, several pairs before and after the
earthquake, and a, pair after the earthquake. Then, we compared the interferogram systematically.

For the second objective, we paid attention not to compare the interferogram with ground survey results directly. Concerning
the Great Hanshin earthquake, many ground surveys were done precisely, and absolute displacement value were measured along the
fault. However, interferometric fringe pattern represents not the absolute displacement value but the relative one along the range
direction.

2. DATA

To choose pairs of data, we paid attention to three points that have effects on interferogram, which are weather condition,
baseline length, and seasonal land cover change.

Around the study area, 14 JERS-1/SAR images are available. We can not know the baseline length before buying data, so we
bought all images and calculated baseline length of all image combinations, and chose image pairs which have baseline length
relatively short.

According to Japan Meteorological Agency observation, weather condition was not rainy when those data were acquired,
except for June 18, 1995.



To compare interferograms of different conditions, we chose one pair consisting of two images before the earthquake, and
one pair consisting of two images after the earthquake, in addition to four pairs consisting of images before and after the earthquake.
Following 6 pairs of images were chosen and interferometric SAR process was executed.

(1) September 9, 1992 and February 6, 1995
This pair consists of the oldest JERS1/SAR data and the first data after the earthquake. This pair has the biggest time interval
and shortest baseline length among all pairs of images.

(2) October 10, 1993 and May 5, 1995 and

(3) August 27, 1993 and June 18, 1995
These two pairs have relatively short baseline length.

(4) August 27, 1993 and September 14, 1995
This pair has the second- shortest baseline length and is expected to have the smallest seasonal change.

(5) February 19, 1994 and May 18,1994
This pair is a, combination of images before the earthquake.

(6) June 18, 1995 and September 14, 1995
This pair is a combination of images after the earthquake.

3. DATA PROCESSING

In our data processing method to obtain an interferogram, a. pair of SAR raw data and a digital elevation model are used. All
image processing was done on a personal computer, Power-Macintosh.

At first, we obtained JERS-1/SAR level 0 data (raw data) and generated a pair of SAR complex images. In this step, we can
check bow much noise is shown in the image. In images around Awaji Island, there was much artificial noise along range direction
which might be caused by the human activity. The noise was removed front the processed image by cutting the range spectrum
components that exceed some tipper limit. We made Digital Elevation Model (DEM) map of Awaji Island. The original DEMs were
provided by Geographical Survey Institute of Japan, and were separated into 6 pieces around the study area. We concatenated them
and restored to eliminate invalid data by linear interpolation. Next, one of the two SAR. scones was selected as the standard, and
coordinates of the other SAR image and DEM were adjusted to the standard scene using three control points. The interferogram was
made after calculating the phase difference of two complex SAR images. This interferogram is expected to contain components of dis-
placement by earthquake, ground topography, and land cover changes.

By using rectified DEM and SAR orbit information, an other interferogram was made. This interferogram is consists of
topographic component. Then, we subtracted topographic fringes front SAR fringes to remove topographic phase effect. This process
produced a differential interferogram.

4. RESULTS AND DISCUSSION

4.1 Comparison among interferograms

The calculation of baseline length were done among all the combinations of available 14 JERS-l/SAR images around the
study area, and interferometry processing were executed to pairs of images which have relatively short baseline length. The baseline
length of the pairs of images we analyzed are in the following table;



In Table 1, the first column indicates figure number in this paper, second column shows combination of images, and the third
column shows baseline length. The image pairs from No.1 to No.4 in Table 1. (Fig.1 to Fig.4) are combination of images before and
after the earthquake. These were expected to detect displacement fringe pattern caused by the earthquake. The image pair of No.5
(Fig.5) is combination before the earthquake, and of No.6 (Fig.6) is that after the earthquake. These two interferograms were produced
to confirm how interferograms appear when there is no relative change in ground feature. Among the image pairs of No.1 to No.4, we
obtained fringe pattern from only two interferograms, which are No.1 and No.2. In those two interferograms, fringe pattern showed a
concentric circle which have a, center at Hirabayashi area, (point B, in Fig.7). Many researchers and institutions have succeeded to
detect fringe pattern front the image pair No.l. From the image pair No.2, this study have detected fringe pattern for the first time.
There was no fringe pattern in interferograms of No.5 and No.6.

Baseline length is considered as the most crucial condition in executing interferometry process. The condition of the baseline
length which is necessary to generate clear interferometric fringes is reported to be less than about 500m (Shimada, 1995). All image
pairs satisfied the condition of baseline length. In Table 1, though baseline length of No.3 and No.4 are shorter than No.2, we could
not detect any fringe pattern front them.

In the case of No.3, on June 18, 1995, it was rainy in the morning. JERS-1 comes to our study area, at about 10:30 JST,
therefore the weather condition was considered as one of the reason that we could not obtain the fringe pattern.

There was no fringe pattern in the interferogram of No.4. In this case, though we could not find any clear reason why it was
failed to generate fringe pattern, water vapor might have affected. It is well known that water vapor effects the propagation of
microwave. (Murakami, et al., 1996) Our study area is surrounded by sea, and the convection of atmosphere is active in summer
season. Therefore, the effect of water vapor could be considered as one of the reasons.

4.2 Comparison with ground Survey

Since fringe patterns show phase difference, we can estimate the displacement by counting the number of fringe from a,
standard point. We estimated relative displacement from fringe pattern, and compared it with ground survey results. The fringe pattern
which was used to compare is No.1 on Table 1. Fig.7 shows fringe pattern and the location of the Nojima Fault. The furthest point
from the center of fringe concentric circle pattern was selected as the standard point in this figure (point A). We assumed that
displacement out of this image is negligible. One fringe cycle represents the displacement of half of wavelength of JERS-1/SAR
microwave, 23.5/2cm. But the fringe pattern shows relative displacement in the range direction. We must pay attention to this point.

Fig.8 shows the displacement estimated from fringe pattern and measured by ground survey along the Nojima Fault. The
ground survey results along the Nojima fault was compiled from Lin et al.(1995).

The horizontal displacement measured on the ground can be one index in considering the displacement estimated front the
fringe pattern, though it is displacement at each observation point along the fault and does not represent the whole movement caused
by the earthquake over Awaji Island which appears in the fringe pattern. On the whole, the trend of the displacement detected in the
fringe pattern and ground survey results are similar. The maximum displacement point measured by ground survey coincided with the
maximum displacement point estimated from the fringe pattern. The center of fringe pattern at point B, Hirabayashi area, is 12 cycles
from point A. However, from Ogura to Toshima, area, the correspondence of displacement between fringe pattern and ground survey
are not always good. In Fig.8, the displacement is over 100cm in Ogura and only 30cm in the south of Toshima area. But, the fringe
pattern does not show such large displacement difference in these areas. Therefore, it is difficult to describe the local displacement in
our result. To describe about quantitative evaluation, it is necessary to compare fringe pattern with three-dimensional survey results,
for example, photogrametry.



5. CONCLUSIONS

In this study, we made almost all interferogams in which we might detect fringe pattern around Awaji Island, and two fringe
pattern was detected. The combinations of seasons of data from which we could obtain fringe pattern satisfactorily are February and
September, and October and May. The seasons are almost opposite in those combination. It is concluded that generation of
interferometric fringe pattern is not affected by the seasonal difference between images. In spite of having good condition to generate
fringe pattern, no fringe pattern was obtained front image pairs of No.3 and No.4 in Table 1. Further investigation is necessary for
these two pairs.

The fringe pattern is like a, concentric circle. The center of it coincides with the place where the largest displacement was
measured by ground survey. However, fringe pattern does not have enough capability to describe displacement of small region around
Toshima- Ground measurement proves horizontal shift along the fault. On the other hand, the fringe pattern shows relative horizontal
displacement along the range direction. Therefore, fringe pattern is comparable only to one directional component of actual horizontal
displacement. We should mind this point to interpret interferograms. Nevertheless, the similarity between displacements obtained
from the fringe pattern and from the results of ground survey might be one of the key to know the mechanism of earth deformation.

NOTICE: The JERS-1/SAR image processing and interferometry software which we used in this study were made by
Makoto Ono, one of the author, and this image processing software can be freely acquired on the RESTEC Homepage:

http://www.restec.or.jp/PRG/

Now only for Power Macintosh.
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ABSTRACT

Analysis of the historical archive of Landsat imagery provides a powerful tool to assess the impact of urbanization on the
environment, and of the nature of the urban ecosystem itself. The varying resolution of satellite data may be corrected for through the
use of a ’sub pixel’ classification technique. By analyzing land cover changes detected by satellite and comparing the land use and
growth policies in effect in different cities, the impacts of these policies on both the surrounding environment and the cities
themselves may be examined. A comprehensive case study of the Savannah, GA, Hilton Head Island, SC, and adjacent US Army
installations is presented. While Hilton Head regulated both residential and commercial development, Savannah only regulated
commercial development. Contrary to popular belief in the community, the analysis indicated that residential development had a more
adverse impact on overall tree canopy than commercial, and that attrition of preserved trees was a significant problem. In the Army
study, the preservation of intact tracts was demonstrated to be more effective in limiting urban heat islands and preserving natural
systems than low intensity development. These studies were successfully used to influence policy at the local level. Once the
relationships between land cover, land use, and how changes impact the urban environment are established, models may be developed
to enable city planners to reduce problems through proper planning of new development, and analyze the effectiveness of mitigation
measures in previously developed areas.

1. INTRODUCTION

Cities are complex ecosystems which contain a wide variety of distinct environments, often intermixed in small geographic
areas. While the resolution of the current generation of satellites is on the verge of being able to resolve the various components of
these systems, change studies which use the historical archive of imagery must cope with the reality that many of the critical aspects
of urban environments are not resolved. This fact makes using traditional pixel level classification techniques difficult. This paper
describes a technique for analyzing urban environments using a sub-pixel analysis method to determine three key urban
characteristics: the fraction of pixel area covered by grass, tree canopy, and non-vegetated surfaces. First the methodology used in the
analysis is discussed. Next the experiences and results of a comprehensive case study of coastal Georgia and South Carolina are
outlined, and how the results of the remote sensing analysis were presented and influenced public policy determination. Finally, the
policy implications and future directions for this type of work are described.

2. METHODOLOGY

The methodology used to determine land cover in these studies grew out of attempts to use Landsat data to develop data
bases for application to modeling the effects of tropical cyclones on developed areas (Watson, 1995). Three values were considered
important. Trees are an important source of debris in hurricanes, as well as a critical factor in determining surface winds. Grassy areas
are also important in determining winds on structures, wave propagation inland, and calculating rainfall infiltration and runoff. Non-
vegetated surfaces are important for rainfall runoff calculations. Traditional classification techniques were not effective in determining
these values in complex urban environments where a single 30 meter pixel usually contains a mix of these characteristics. This
problem is exaggerated with the older 80 meter per pixel MSS data which was used in the historical land cover analysis. A technique
was developed to determine the fractional coverage of each of the three terrain types for each pixel. In the hurricane studies this data
was then used in the storm damage model; for the urban policy studies, the land use and/or zoning categories then in effect were
obtained from the local planning departments and were analyzed using a Geographic Information System.

2.1 Determination of Sub-Pixel Land Cover

To determine the composition of individual pixels, model reflectances of the three terrain types of interest were developed.
These reflectances were used to calculate the area covered by each terrain type using a matrix solution to solve for the area in
question. A normalized difference vegetation index (NDVI) is used as a control for the total vegetated area in the pixel.



2.1.1 Model Reflectances of typical urban terrain.

The basic principle of the sub-pixel analysis is to use model reflectances of the three terrain types of interest to solve for the
areas covered in the pixel of interest, given the total reflectance of the cell in the various wavelengths. Water areas are masked prior to
processing, and the data is normalized for incident sunlight. Four bands are used with TM and MSS, while a three band solution is
used for SPOT XS. A matrix solution to a set of simultaneous equations in three unknowns is used. For MSS and TM, two of the IR
bands (MSS 3 and 4, TM 4 and 5) are used alternately and the results averaged if they are within preset tolerances (and the results add
up to nearly 1.0). If not, the pixel is flagged as a potential problem area if the errors still exist after using the NDVI adjustment
described in 2.1.2.

The model reflectances for the three terrain types were determined empirically. Although there is a fairly wide range of
reflectances possible for the three types, average behavior can be captured. Also, the species of trees and grass in cities tend to be
fairly uniform - people tend to plant a fairly limited number of species, thus simplifying the spectral differences which would
otherwise be present. The major benefit of using the sub-pixel method is to reduce the error from entire pixels to fractions of pixels.
Since many areas of interest in urban ecosystems are only a few pixels in size this method greatly reduces the overall error when the
pixels are aggregated.

The reflectances for grass and, to a lesser extent, canopy, are modified using the amount of rainfall which occurred in the 30
days proceeding the date of image acquisition. While this model has worked well in the eastern and northern US, some problems
became evident in the southwest when the technique was applied to the Austin, Texas area. Scrub brush was occasionally confused
with tree canopy or grass. Grass itself presented a problem. What is considered a ’grassy’ area in Austin contains a much higher
percentage of bare dirt than what is considered ’grassy’ in, for example, Atlanta. A modified algorithm was developed to take in to
account these conditions. Work is underway to integrate this information in to the general procedures.

2.1.2 Final Calculation of terrain cover.

The final calculation of terrain cover fractions is a two stage process. After calculating the terrain fractions directly from
reflectances, an independent procedure is begun. A normalized difference vegetation index (NDVI) is calculated, then adjusted for
precipitation as with the model reflectances. The second stage is to calculate the fractions of grass and canopy using the NDVI derived
fraction of non-vegetated area in place of the non-vegetated fraction determined using the model reflectances. If the total of the results
are within preset tolerance levels of 1.0, the results are averaged, and the final totals normalized to 1.0. Otherwise, the pixel is flagged
as problematic and the area manually inspected. The end result of this process is three files with the fraction of grass, canopy, and
non-vegetated surfaces in each pixel. This data is then analyzed as described in section 2.2.

2.1.3 Validation.

The results of the sub-pixel analysis have been tested against aerial photography and field inspections for locations in Hilton
Head Island, SC, Savannah and Atlanta, GA, and Austin, TX. Figure I shows the results for the calibration test locations in Savannah,
Georgia. For these areas, on and near Hunter Army Air Field, aerial photography, Landsat TM, MSS, and SPOT XS data were all
available within a one month period in April, 1986. The graph shows the relative results for the three satellite image types, using the
model reflectances, as compared to aerial photography.



Figure 2 shows the satellite derived canopy vs. canopy derived from aerial photography for 50 randomly selected pixels, 10
each from Atlanta GA, Savannah GA, Hilton Head Island SC, Austin TX, and Ft. Stewart GA. The TM pixel is compared to the
canopy manually derived from aerial photography.

2.2 Build Data Bases

For hurricane modeling, the three element land cover data set, along with a digital terrain model, is used directly by the storm
model with no additional processing. For the analysis of the effects of public policies, two basic studies have been conducted: Canopy
Only, and most recently Urban EcoStructures.

2.2.1 Canopy Only Analysis.

The case study in coastal Georgia and South Carolina was largely a canopy only study. The other two data sets, grass and
non-vegetated surfaces, were not used in further processing other than as inputs to the microclimate model. The canopy fraction was
processed in to maps and data sets for each study year. Zoning and political boundaries were intersected, and statistics calculated via
GIS.

2.2.2 Urban EcoStructures.

In cooperation with American Forests, a new technique is being used to classify various elements in urban areas. The concept
of an Urban Ecostructure is defined to be the union of the human and natural characteristics of a land area. In practice, the
ecostructure system used in the Atlanta, Baltimore, and Austin studies was created by overlaying the zoning or land use (Such as
Single Family Residential, Institutional, Industrial, etc.) with a classification of the canopy, grass, and non-vegetated surfaces
determined from the sub-pixel study. Zoning and Land use categories in use in the various jurisdictions are converted to the scheme
given by Anderson, et. al., 1976. For a given area, a code was assigned according to the coverage fraction of the terrain type. Table I



summarizes this scheme. For example, an area could be classified SF/MIMCLG, for Single Family, Moderate Impervious, Moderate
Canopy, Light Grass. From this classification other properties may be derived, such as the thermal or drainage characteristics.

2.3 Analysis

Analysis of the data sets developed above are analyzed using traditional GIS techniques. Of special importance is relating the
data to land planning units such as zoning or land use designations.

2.3.1 The role of GIS.

Geographic Information Systems (GIS) are valuable tools in creating useful data for urban analysis. The ability to easily
overlay policy driven information such as jurisdictions and zoning with actual environmental conditions is a powerful method for
determining the effects of policies. By creating data sets of historical conditions, it was relatively straightforward to determine what
effect changing an area from purely residential to mixed residential commercial had on canopy. Also, areas which indicated great
changes were flagged and the cause researched. Only basic GIS functions were needed: projection of different coordinate systems,
importing data, reclassification, intersection of data sets, and the generation of statistics. Three different GIS packages were used in
the case study. The Hilton Head phase of the study was conducted using Arc/Info. The Savannah and Chatham county phase was
conducted using Idrisi, while the work for the US Army was conducted using GRASS. The entire study could have been completed
using any of the three packages, although GRASS and Arc/Info on UNIX workstations offered significant performance and
functionality benefits. Data sets were provided to all of the funding agencies for use in their respective planning support GIS
programs.

2.3.2 Modeling.

Two models have been developed which use the outputs of the analysis described above. TAOS, a comprehensive storm
hazard model, is documented in Watson, 1995. A second model in development is an urban microclimate model. This model is a full
thermodynamic model which calculates the air temperatures and heat index for urban environments using the land cover data derived
from the sub-pixel technique and the outputs of National Weather Service predictive models. The result is a predicted heat island map
which can be used to plan outdoor activities or predict energy utilization. During the 1996 Olympic Games, American Forests, the
USDA Forest Service Northeastern Forest Experiment Station, and Watson Technical Consulting teamed up to test the WTC Urban
Microclimate Model in the Atlanta area. Weather stations were deployed in three different urban ecosystems. Hindcast, 24 and 48
hour predictions were made for the temperatures at these locations, taking in to account the heat island effect. The preliminary results
are extremely encouraging, with the model correctly generating the observed temperature differences.

2.4 Presentation of Results

A significant portion of the presentation of the results of a remote sensing project, particularly one which uses any form of
spectral classification, must be spent on explaining the basic principles of light, how satellites work, and digital imaging. In the case
studies, typically 30 to 40 % of the presentations were concerned with methodology and validation. GIS plays a critical role, as urban
areas often contain complex overlapping jurisdictions. A frequent question which arose during the presentations associated with the
case study described in section 3 was "what is happening to My neighborhood". The ability to customize maps and statistics to the
audience in question is a vital element of the process of influencing local policy.

3. CASE STUDY

The techniques described above were first applied to several problems in the coastal Georgia and South Carolina area over
the period from 1992 to 1993. Three major jurisdictions are of interest here. The town of Hilton Head Island, SC, is an upscale
community with highly restrictive zoning and land use regulations. The town government needed to quantitatively determine the
effectiveness of its extensive regulations on land preservation, which are occasionally subject to complaints from developers. Chatham



County, Georgia, contains a mix of communities including the historic city of Savannah. In many areas of both the City and County,
zoning and land planning regulations were routinely waived, and there was little follow up to determine long-term compliance.
Several agencies and public interest groups became concerned that the existing regulations for tree protection were not effective, and
required documentation as to the extent and causes of tree loss in the community. The City of Savannah and Chatham County have a
joint Metropolitan Planning Commission. At the urging of several advocacy groups concerned with tree loss, this commission formed
a Tree Task Force in 1991 to review the tree protection ordinances enacted in 1985. This task force largely concentrated on devising
new regulations to cover commercial development, as that was perceived as the primary problem area. The third agency was the US
Army. The Army maintains two large installations in the area. Hunter Army Air Field, originally outside the city, has become
surrounded by the city of Savannah in the last 20 years. Fort Stewart is the largest installation east of the Mississippi, located
approximately 20 miles south of Savannah. The Army was interested in analyzing its land use policies and their impact on
surrounding civilian areas, as well as the energy implications of military forests. These three groups and interests combined to create a
favorable environment for a comprehensive study of the impact of planning policies on the area.

3.1 Study Objectives

The following questions were framed as primary goals of the studies:

1 . What are the historical trends in tree canopy in the study areas?
2. What are the canopy losses before and after various regulations are enacted?
3. Are there identifiable trends in canopy loss within zoning types?
4. Are there specific, high loss events in the records? What caused these events?
5. What is the impact of military forests on the microclimate of the installations and nearby civilian communities?

3.2 Analysis, Results, and Presentation

The analysis proceeded using the methodology outlined in section 2. Landsat data from 1973, 1978, 1984, 1986, 1989, and
1992 was analyzed and converted to GIS data sets. An initial problem was the differing definitions of land use and zoning
designations by the various jurisdictions in the study area. This was compounded by the formal definitions being one way, but the
practical definition (as determined by the Planning Commission or City/County council) being something different. A solution was
somewhat achieved by adopting the USGS land use/cover classification system as modified by the State of Florida, and converting the
disparate designations to that system. Another problem was that some of the jurisdictions did not maintain historical zoning
information, or that information was not maintained in a readily accessible format. For example, one city used the same map originally
created in 1972, and simply taped over old boundaries with hand-drawn inserts! Needless to say they were less than receptive to a
request to peel off the new layers to examine the historical zoning. The entire study was conducted in three phases over the period
1992 - 1993, with a total of approximately 4 months of the author’s time involved.

3.2.1 Results for the Town of Hilton Head Island.

The Hilton head Island regulations were effective in maintaining a 40-60% canopy over newly developed areas. The
mitigation requirements were resulting in a slow increase in canopy over previously developed areas. The microclimate model and
field measurements showed that clearing the understory reduced the cooling effects of tree stands by up to 60%.

3.2.2. Summary of results for Savannah/Chatham.

The study determined that in Savannah/Chatham area, residential development was resulting in more tree loss than
commercial both before and after the 1985 regulations. The satellite views clearly showed decreasing canopy over developed
commercial areas which should have been stable, or even slightly growing, as was seen in Hilton Head. Preservation of trees in
commercial areas was largely ineffective due to lack of monitoring after development - the preserved trees later died or were removed.
Attrition was apparent in long established residential areas such as mid-town and the historic district.

There was a wide range of post-development canopies in both commercial and residential development. A frequent
contention by some developers opposed to enacting tree protection in residential development was that preserving trees would
increase the cost of affordable housing. Although housing costs are extremely complex, It was felt that if this contention were true
there would be a relationship between initial offering costs and preserved canopy. The analysis found little correlation between the
initial offering cost of new housing and the ratio of post-development canopy to pre development canopy.

Road development and public projects were also found to be major sources of tree loss. The task force was surprised to find
that public projects were exempt from the tree protection regulations.



3.2.3 Results for Army Installations.

The Integrated Training Area Management (ITAM) program is responsible for accommodating environmental issues without
compromising mission needs. Since the mid-1980’s the ITAM program has managed the highly successful gopher tortoise and red
cockaded woodpecker programs at Ft. Stewart. Tree canopy over the Army installations was shown to be essentially stable despite the
very high intensity activities (such as tank exercises and gunnery ranges). The Army has a policy of rotating exercise areas as much as
possible to minimize the impact of training on the installation. This policy was originally intended to reduce wear and tear on training
areas, however, it has also had the effect of preserving the natural environment as well. While there was extensive construction,
especially at Fort Stewart, this development tended to be heavily concentrated and had minimal impacts on the surrounding natural
areas. The microclimate model also produced interesting results. It was shown through the model that the military installations were
on the average cooler than the surrounding communities, largely because of large (>10 acre) stands of intact trees with understory
scattered throughout the developed areas of the bases. Field measurements on Hunter Army Air Field confirmed this finding. Finally,
the images detected possible encroachment on the installation boundaries, which in many areas are not clearly marked.

3.3 Effects on the Public Policy Process

The study had various effects on the communities which were analyzed. These effects are outlined below. Surprisingly, none
of the groups traditionally opposed to tree preservation questioned the methodology of the study or its results, despite the fact that in
most cases the results indicated that the existing regulations were either working (in the case of Hilton Head) or needed revision (in
the case of Savannah). The discussions largely centered on how to reverse the trends noted by the study or streamline the regulatory
process.

3.3.1 Hilton Head Island, SC.

The results for Hilton Head Island were presented to the Town Council as a written report (Watson, 1992a) and as an
audio/video presentation at a regular council meeting. As the results were favorable to Hilton Head, there was little controversy. The
one point for improvement was with respect to preserving understory, which is often kept cleared. The local newspaper ran a story on
why underbrush is important for song birds and may impact heat island development (Ryan, 1992). The most important result was that
of providing strong evidence that Hilton Head’s regulations were working, especially those involving post-development monitoring of
planted trees to insure their survival. The focus of the complaints from developers shifted from ’does all of this regulation really work’
to ’how can we streamline this process’. A task force was set up, and some changes made to the review process, although not to the
regulations. Hilton Head has an extensive GIS capability, and the data sets are occasionally used in presentations and analysis, but at
present there are no plans to update the study or to continue active monitoring.

3.3.2 Chatham County and Savannah, Georgia.

The results of the Chatham County study were presented in several forms. First was a written report submitted to the funding
agencies (Watson, 1992b). Formal slide presentations were made to the Chatham County Commission and to the Metropolitan
Planning Commission’s Tree Ordinance Task Force. Public forums, sponsored by the Task Force, were held throughout the county
over a three month period. There was a great deal of media coverage of the task force forums, and the GIS maps and satellite images
were seen frequently on TV and in print.

The Chatham County study resulted in a number of policy changes, the largest being that residential development was
brought under the tree protection ordinance. The extensive changes to commercial development regulations which were originally
proposed were largely dropped, with the only significant changes being improved post-project monitoring and the requirement for a
bond to be posted to insure the survival of required tree plantings. The City and County synchronized their respective tree protection
ordinances, and discussions are underway to coordinate zoning and land use designations. Unfortunately, many of the smaller
jurisdictions within the county have chosen not to participate in the regional planning process. This lack of coordination between
jurisdictions has resulted in situations where industrial areas in a smaller municipalities are located directly adjacent to residential
areas. Largely as a result of pressure raised by public interest groups armed with the study results, the City of Savannah hired a
Natural Resources Planner. Finally, it should be noted that the Chatham County study was awarded the 1995 National Arbor Day
Award.

As a follow on, the City of Savannah conducted an open space study. Interestingly, despite having a GIS division within the
MPC and having been provided with the digital data sets from the tree study, the open space study was conducted using traditional
manual planning techniques. Taking nearly two years, the final output products were compiled using their GIS software (Arc/Info) as
a map production system. Apparently none of the analytical capabilities of GIS were used. There is some concern in the community
that the open space study over-emphasized some areas at the expense of others (Bishop, 1996). It is not believed that the City or
County have used the digital data sets resulting from tree study.



3.3.3 Ft. Stewart/Hunter Army Air Field.

The results of the Ft. Stewart and Hunter Army Air Field phase were submitted to the US Army ITAM program office in a
written report (Watson, 1993). The results were presented to the installation commander in a multimedia briefing (slide, videotape,
and direct computer graphics). A press conference was held a few days later using the same methods. The study prompted a review of
the policy of clearing under story from some of the wooded areas on the bases, and a directive was issued to cease mowing and
maintenance in some of these areas. The finding of the beneficial effects of intact stands also lead to a policy of trying to maintain
these stands as intact units wherever possible.

The ITAM program, unique among the agencies involved, took an aggressive approach to using the digital data sets which
were provided both during and at end of the study. The raw images were put to use in other projects before this study was completed,
and plans were implemented to routinely update the data layers and analysis at 3 year intervals. The data sets were migrated from
GRASS to ERDAS Imagine, and continue to be used in habitat analysis, training area planing, and engineering support.

3.4 Conclusions

The coastal Georgia and South Carolina studies established the value of using historical satellite imagery not only for the
analysis phase but in presentations as well. The satellites provided a method of data collection independent of local agencies, some of
which did not adequately maintain historical information. Cooperation among many local entities kept the costs for any single agency
low. The images literally provided a ’picture’ of changes to the community which were visually startling and impressive to the
untrained eye. The analysis changed the direction of the policy process in tangible, productive ways, and was considered to have a
positive impact on the process by the end users. Despite having roughly equal GIS capabilities among the three lead agencies, the
post-project use of the digital data sets were mixed, ranging from not being used at all to being put to immediate, productive use.

4. FUTURE DIRECTIONS

The techniques developed for the Georgia and South Carolina have been combined with efforts underway by American
Forests to analyze urban ecosystems and the impact urban development. The goal is to enable planners to easily analyze the
environmental impacts of local planning decisions. An important aspect of this goal is to be able to calculate the secondary costs of the
loss of vegetation in urban environments. Once this data is easily accessible, it is hoped that environmental considerations will be
given greater weight at the local planning level.

4.1 Urban Ecosystem Analysis

American Forests had originally decided not to use satellite images in its classification system because pixel level
classification of imagery failed to identify important ecological features such as tree cover. A test of Landsat TM data in midtown
Atlanta indicated 1% tree canopy while a 16 % canopy was computed using aerial photography. The sub pixel analysis described
above solved the resolution problem and provided an avenue for expanding the detailed and visual ground analysis to a city-wide and
regional scale.

The new hybrid Urban Ecosystem Analysis was initially tested in Atlanta, with Baltimore, Milwaukee, Miami, and Austin
completed in the summer of 1996. The information from these reports is designed to allow non-scientists to understand the value of
urban ecosystems, as noted in Section 4. 1. Once the data is collected and analyzed it is converted into presentation material that
provides graphic images of the community along with interpreted information. For example, the functional value of trees for slowing
stormwater is determined by using the TR 55 stormwater model developed by the USDA Natural Resources Conservation Service.
Using GIS technology, the volume of storm flow reduction by trees can be measured and converted to dollar equivalents. Presentation
charts are produced using an ArcView application program developed by American Forests called CITYgreen. The CITYgreen
application can be run on a desk top computer and therefore is fairly accessible to local planners once the data has been prepared.

4.1.1 Highlights from the Atlanta report.

American Forests conducted an Urban Ecological Analysis of the city of Atlanta in the Spring of 1996 (American Forests,
1996). The Atlanta area has experienced dramatic growth over the last 20 years. Many of the benefits of a natural environment have
been lost as the region has developed. Since 1972 the undeveloped, natural landscape has decreased by about 60%. In 1972, 87% of
the region had a heavy vegetation canopy, but by 1993, that percentage dropped by more than half. If the current trend continues, areas
with heavy vegetation will decline to just 30% of the city’s total by the year 2000.



Accompanying the declining natural area is a dramatic increase in the urban heat island. There is an expanding heat island
complex with summer temperatures in some areas as much as 10’ F higher than the surrounding countryside. Heat contours follow the
transportation corridors between the downtown and other development nodes. Figure 3 shows the correlation between decreasing
vegetation and the heat island, as calculated by the Urban Microclimate Model. There is great opportunity to design with energy
conservation in mind. Atlanta’s urban forest in residential areas alone currently saves $4.6 million in energy usage due to direct
shading of homes.

As vegetation has been replaced by impervious building and pavement surfaces, the amount and timing of stormwater runoff
is increased. Natural elements of the landscape slow the movement of stormwater, reducing peak flow, storm sewer problems and
costly flooding. In 1993, the City’s Combined Sewer Overflow (CSO) exceeded the maximum capacity periodically, dumping
contaminants into local creeks and the Chattahoochee River. The cost of capitol improvements to reduce wastewater discharge in
order to meet State standards is estimated at $240 million.

Atlanta’s urban forest also helps improve local air quality. Atlanta’s urban forest stores 475,000 tons of carbon. The annual
value of carbon sequestration is estimated at $3.4 million. The annual city-wide benefits of Atlanta’s urban forest is approximately $8
million based on carbon sequestration and direct energy benefits.

While it is too soon to tell what impact this study will have on the planning process, the data is in the hands of Atlanta
agencies. A CD-ROM was produced and distributed to the Atlanta Regional Commission. Local citizens groups are making use of the
information as well.

4.2 CITYgreen Development

One of the problems noted in the case study was enabling local agencies to continue the tasks of analysis, update, and
monitoring once an initial project was completed. Of the three lead agencies only the Army ITAM program was able to successfully
integrate the study results in to the day to day planning process. While GIS software has become more prevelant in urban planning, the
specialized expertise necessary to conduct sophisticated analysis will probably remain unavailable at the local level other than through
relatively expensive, specialized, ’one time’ studies such as those described above. It is unreasonable to expect planners to learn remote
sensing, biology, or meteorology. The need for GIS based expert systems is a driving factor behind the creation of CITYgreen.
CITYgreen supports the analysis of urban areas through the use of modules developed by experts, but operating on data sets which
could be collected by the local planner. Running as an Arc/View application, the current version of CITYgreen allows the planner to
analyze vegetation trends through the use of satellite data and estimate storm water runoff changes which may occur due to land use
changes. Under development, in cooperation with the USDA Northeastern Forest Experiment Station, are modules for estimating
effects of land use on air quality, carbon sequestration, and other pollution related issues. Energy utilization modules are also under
development, as is a parametric heat island model based on the full thermodynamic model noted in section 2.

5. SUMMARY AND CONCLUSION

Influencing public policy using Remote Sensing and GIS can be a highly rewarding and productive process. The Urban
Ecosystem Analysis technique that combines subpixel satellite and uses GIS technology for data analysis provides a powerful tool for
measuring the functional value of urban ecosystems, while communicating the results of the analysis to local decision makers. GIS is
rapidly becoming the technique of choice for land use planning, and the technology is becoming less expensive to purchase and easier
to operate. The ability to provide GIS based expert systems to local planners should enable environmental issues to be taken in to
account in the every day planning process.
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MAPPING ATTITUDES TOWARDS SUBURBAN SPRAWL OVER PRIME FARMLAND
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ABSTRACT:

This interdisciplinary study examines the issue of farmland loss occurring from suburbanization at the metropolitan/rural
fringe. A collaboration between geographical and social-psychological perspectives is taken to "map" the perceptions of farmland
preservation-vs.-suburban development in Gloucester County, New Jersey which is located in the rapidly growing metropolitan
Philadelphia region. The first phase of the study used GIS and remote sensing to determine the area of developed vs. non-developed
land, the amount of development that has occurred on ’prime’ agricultural soils, and the rate at which the change is occurring. Landsat
Thematic Mapper images of the area from 1994 were used to update a 1986 digital land-cover map. A supervised classification was
performed on the TM scene with an overall accuracy of 83%. A net change of 9,117 acres of prime farm soils had undergone suburban
development over the eight year period. The second phase of the study mapped people’s perceptions of the development / farmland
issue. A pilot survey of county residents assessed awareness, attitudes, behaviors and concern for farmland loss. Preliminary results
revealed an overall concern for farmland loss and degradation of the environment. The study also found a significant gender difference
in answers to a number of the environmental questions.

INTRODUCTION

New Jersey, over the past fifty years, has become a national icon of suburban development sprawl. Prime agricultural lands
on the fringe of metropolitan areas have been swallowed by sprawling housing developments, highways and shopping malls. Nelson
(1992) notes that in the absence of market intervention and given the considerable subsidies allocated to urban development relative to
those allotted to agricultural production, farmland around urban centers is likely to be overvalued for urban uses and undervalued for
agricultural uses. During the last 30 years alone New Jersey has lost some 590,000 acres of farmland --- more than 40% of its rural
land base (Gottsegen, 1992). The implications for these land cover changes are vast including loss of habitat and biodiversity, loss of
ground water recharge, as well as a diminished quality of life as increased pollution and traffic congestion impact the daily lives of
New Jersey residents. But the most striking consequence may well be the irreversible loss of prime agricultural soils. There is some
evidence that suggests that the issue of farmloss is beginning to get attention from the general public. Grossi (1995) reports that
Michigan residents view the lack of land use planning as the greatest threat to the environment.

Although New Jersey’s motto is ’The Garden State’, it is becoming clear that the most successful harvest of recent decades has
been track developments. While New Jersey’s publicly financed farmland preservation program has been somewhat successful in
conserving farmland for over a decade (Carney,1994), in some rapidly growing communities it may be too little too late.

BACKGROUND

This study looks at the extent of farmland loss and the public’s attitude towards development sprawl in Gloucester County,
New Jersey. Gloucester County is located in the southeastern quadrant of metropolitan Philadelphia. It stretches from the densely
developed northern comer of Woodbury (directly adjacent to Philadelphia across the Delaware river), southeast into the heart of the
highly regulated New Jersey Pine Barrens. Gloucester County is projected by the Delaware Valley Regional Planning Commission
(1995) to be the fastest growing county in the region in the next ten years. This development pressure, contrasted with the still active
agricultural region and the protected natural pinelands preserve, provide an interesting case study region for analyzing the pattern of
suburban sprawl development as well as local perceptions and attitudes towards these development changes.



STUDY

The multidisciplinary nature of this study was performed in two distinct phases. The first phased looked at the extent of
farmland loss in the county and the rate at which the loss is occurring. To accomplish this a 1986 digital landuse map was updated
using a 1994 Landsat Thematic Mapper satellite image of the county and overlaid with a county soils map.

The second phase of the study used a questionnaire and visual information page consisting of a map and photos that
described the farmland loss. The survey looked into four areas of response: perception and awareness, attitudes, concern, and
behavior.

METHODS PHASE I -FARMLAND LOSS

Landuse change detection

Remote sensing has been widely used to monitor development at the rural/urban fringe (Treitz, 1992; Mack, 1995; Jensen &
Toll, 1982). Many different aspects to the urban fringe have been studied. Jensen (1982) created a heuristic model to determine the
state of construction during classification for developing areas. Change detection was accomplished through texture filtering and
image differencing. Lo and Shipman (1990) developed a technique of image overlaying and binary masking to determine land-cover
change. A binary mask was made by differencing selected bands of two separate TM images. The resultant binary mask was used to
isolate the changed area for enhanced classification.

In this study a method of landuse change was developed in which a 1986 landuse GIS map was updated with a 1994 Landsat
TM image. An unregistered TM image of Southern New Jersey for November 1994 was first rectified to NAD27 by using New Jersey
DOT road maps to designate ground control points.

GIS landuse maps The State of New Jersey developed a county by county GIS data base from 1986 high altitude aerial
photography. This integrated terrain unit (ITU) coverage was developed by a contractor to map land use, geology, soil type, and
flood-prone areas. This vector GIS coverage was used for soils and the 1986 development coverage. The ITU is a single layer
ARCINFO coverage containing multiple attribute data for the various land features wherein each polygon is the smallest independent
unit of all features. The soils and land-use information was dissolved out to produce the individual soils and landuse coverages.



Creating a 1986 development mask The land-use coverage was used to make a 1986 development mask by converting it into
a raster format and recoding the developed areas to one and all other landuses to zero. This mask was used to remove the area that had
already been developed by 1986 from the 1994 image. It was reasoned that developed areas would remain developed in subsequent
images. With this area masked out the areas that had changed since 1986 could be more easily isolated.

Designating prime farm soils A table of prime agricultural soils was compiled from the Gloucester County Soil Conservation
Service. This table was used to extract the soils coverage for mapping the prime agricultural areas.

Classification

A supervised classification scheme was used to classify the 1994 TM images. Supervised classification was chosen because
of good familiarity with the study area, access to auxiliary maps and the availability of some aerial photos. Given the assumption that
virtually no land previously classified as ’developed’ will change back to open agricultural land, a development binary mask was
created for the 1994 TM image from the 1986 ITU land-use data.

The 1986 binary mask was used on the county 1994 TM image to exclude the area that had already been developed from the
classification in order to eliminate errors of omission in those areas. It also facilitated better focus on the parcels that had undergone
development since 1986.

Fifty training sights were delineated on the masked scene with a minimum of 5 training sights for each land class (CCAP
protocol). The training sights were chosen as typical examples of various land cover types such as suburban, agricultural, industrial,
wooded, etc. A large number of agriculture and developed training sights were delineated due to the fact that agricultural fields occur
in many stages of crop cover or tillage and therefore exhibit a wide diversity of spectral signatures. Similarly, developed regions,
especially suburban areas, demonstrate a mixture of spectral reflection that is often nearly the same as agriculture. For example, grass
lawns would be very similar in appearance to hay fields, and barren construction sights look very much like plowed fields.

The 50 class classification was then recoded into 5 generalized Level I categories (Water, Wooded, Agriculture, Wetlands,
and Developed). Some of the ’developed’ trained classes proved to be receiving more agricultural areas and were recoded into the
agricultural class. Conversely, some of the areas that were clearly developed parcels had a scattering of agricultural pixels in the
classification. To compensate for this misclassified scatter, the map was filtered to eliminate all patches less than 2 acres. This filtering
helped to eliminate the misclassification of lawns as agriculture and development scatter in agricultural areas.

The final output map of developed area for 1994 was compiled by overlaying and recoding the 1986 development binary
mask with the supervised 5 class 1994 map.

Accuracy assessment This classification was assessed for accuracy using a random set of 256 points. The results of the
assessment produced an overall classification accuracy of 83%. The overall Kappa statistic was 0.7476.

Mapping prime farm soil loss

Maps of the 1986 and 1994 developed areas were overlaid with the prime farm soils map and compared. Areas of
development on prime farm soil were delineated and the amount of change calculated for the eight year period. See Figure 1
"Gloucester County Farm Soil Loss".

RESULTS OF CHANGE DETECTION

Loss of farm soils

The 1986 ITU developed map had 60,198 acres of developed land. Out of a total of 92,667 acres of prime agricultural soil,
32,537 acres or 35% of the county’s prime farm soil had already been developed by 1986. Between 1986 and 1994 the analysis
showed another 9,117 acres had been developed. See Figure I "Gloucester County Farm Soil Loss". Considering the 83% accuracy of
the classification assessment, the final developed acreage could have been 17% higher or lower. The area of prime agricultural soils
remaining in Gloucester County is 49,130 acres or a little over half the original amount.

Growth areas

A large portion of the 1986 to 1994 county wide growth occurred in the Washington Township area. Other growth areas
included Mullica Hill and Winslow Township. All of these areas have developed from formerly active agricultural regions. The



completion of state highway Route 55 during the years of the study is clearly delineated in the change detection map. This
North-South corridor has opened up the southern part of the county to enhanced growth pressure as demonstrated by the scattered
development in the southern region. This has led to a marked increase in exurban growth as single family homes increasingly pepper
the rural landscape of agricultural areas.

METHODS PHASE II -QUESTIONNAIRE

Participants One hundred and one female and sixty male undergraduate students at Rowan College of New Jersey, ages 16 -
54, served as participants in the pilot survey. However, 80% of the sample were 18 to 22 years old and thus future samples must
include a broader age group representative of county residents. Although participants were students at Rowan College, which is
located in Gloucester County, they clearly were not a random sample of the area’s population.

Survey instrument In our investigation we developed a two-part survey instrument. The first part consisted of 19 statements
and questions asking subjects to identify how strongly they agreed or disagreed with a statement or how important a given issue was to
them. The second part, consisting of 14 items, was administered only to Gloucester County residents. All items followed a Likert scale
or forced choice format.

Procedure

Subjects were given instructions on how to fill out the survey. Upon completion of the first part of the survey (approx. 10
min.), the researcher would make an announcement that non-Gloucester County residents could leave.





Those either residing on campus or commuting from within the county boundaries were asked to stay for another five
minutes. The visual information page consisting of a map and photos that described the farmland loss was presented to each subject
along with the second part of the survey which tackled the issues of farmland loss directly related to Gloucester County.

RESULTS OF THE SURVEY AND DISCUSSION

Two thirds of the students surveyed indicated that they agreed (33%) or strongly agreed (30%) that loss of farmland is a
serious problem now.

Three quarters believed (41% agreed and 33.5% strongly agreed) that if farmland keeps shrinking at today’s pace, thus
pushing food costs higher, it will contribute to an even wider gap between the rich and the poor.

Three quarters agreed or strongly agreed that suburban development has a negative effect on the environment (53% and 21%
respectively.)

Only 17% of those surveyed gave priority to land preservation in the economic growth vs. land preservation dilemma, and
41% were undecided. Nevertheless, almost 70% said it was possible or very possible to both grow economically and protect the
environment.

The results of the survey suggest a greater concern on the part of female students than male students over certain societal
problems, loss of farmland included.

This finding is supported by other research on environmental issues (Bord, O’Connor & Epp, 1992.) Tables I through 4 (next
page) show differences in means of female and male responses to various questions.

The following results were obtained from the second part of the questionnaire:

35% of the Gloucetster County residents surveyed believe that continued development is going to have a somewhat negative,
and 33% say mostly negative, impact on the future quality of life in the county.

70% of the student-participants report to have no idea how much of their food is grown by Gloucester County farmers.

When asked whether new development raises, lowers or has little effect on taxes, 65% of the sample indicated that new
development raises taxes. This is the correct answer, according to such researchers as Berton (1995) from the American Farmland
Trust and Nelson (1992).

A majority of those surveyed said that laws should emphasize a compromise between farmland preservation and economic
development (54%) and 9% indicated that farmland protection should be a priority. None of the participants "voted" for economic
development over farmland preservation.

The question about how much more they were willing to pay for locally grown food to help support the Gloucester county
farm economy produced the following results. See Table 5 on the next page.

CONCLUSION

Development sprawl in New Jersey is a crisis for New Jersey agriculture and for the overall general welfare of New Jersey
residents. At the current rate of development, Gloucester County farmland will continue to be lost to a harvest of tract houses and
shopping malls. Considering that most of the farmland loss has occurred in the last fifty years (Gottsegen,1992), if the current rate of
development of over 1,000 acres per year continues for the next 50 years, farming will be all but eliminated except for the few farms
that are in the state’s farmland preservation program. In order to protect New Jersey farming and the overall quality of life, policy
change will need to occur at local, county and state levels.

The next step in our investigation is to get a better random sample of county residents which will give us a good distribution
of zip codes in the study region. Then we shall be able to really “map" people's perceptions, awareness and concerns onto the actual
Gloucester County maps to see if there is any discrepancy between the magnitude of real and perceived land use change.
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OBSERVATIONAL, MONITORING, AND OTHER NEEDS FOR RESEARCH
ON THE HUMAN CONTRIBUTIONS AND RESPONSES TO GLOBAL CHANGE

Thomas J. Baerwald, National Science Foundation, U.S.A.

Research on human contributions and responses to global change is an integral part of the U.S. Global Change Research
Program (US/GCRP) because of its emphasis on the ways that human and natural systems interact with each other through complex
feedback mechanisms that function at a variety of different geographic and temporal scales. Emphasis is placed both on the ways that
human activities contribute to global change through their impact on natural systems and on the ways that individuals and institutions
respond to changing natural conditions. Understanding the ways that humans interact with natural systems is especially important,
because individuals and institutions have the capacity to alter previous forms of behavior, thereby responding to changing conditions
through a variety of mitigating and adaptive approaches. Success in the conduct of research on human contributions and responses to
global change requires active interdisciplinary collaboration among social and natural scientists and scientists adept at using new
technologies. Numerous challenges confront those engaged in human contributions and responses research, including the need for
more complete data and information. Remote sensors and a variety of other mechanisms may be used to observe and monitor human
activity and related natural system characteristics, although they monitor some types of human processes far more effectively than
others. The utility of remotely sensed data for human contributions and responses can be enhanced in a number of ways, including the
refinement of approaches for using remotely sensed data on phenomena like land use and land cover in concert with data collected
from other sources.

HUMAN CONTRIBUTIONS AND RESPONSES RESEARCH IN THE US/GCRP

The U.S. Global Change Research Program (US/GCRP) is a ongoing effort of more than a dozen Federal agencies to
cooperate with each other and with scientists in the U.S. and other nations to address fundamental problems related to both the  short-
and long-term environmental health of the Earth.* The central purpose of the US/GCRP is to develop improved predictive capabilities
for understanding the global and regional character and implications of interactions among different components of the Earth system.

In order to meet this goal, the US/GCRP encourages, supports, and conducts research and related activities on a number of
different fronts. First, the US/GCRP supports activities that observe and record what is happening to different components of the
Earth system at a broad range of geographic and temporal scales. Second, it endeavors to understand how different components of
the Earth system interact with each other. Third, the US/GCRP strives to better predict the impacts of change on different components
over time as well as the consequences of various human responses to global change. These latter activities recognize the need not only
to predict the impacts of human and natural change on physical systems like climate and atmospheric chemistry, but also the potential
consequences of various ways that humans may respond to changing environmental conditions.

The development of improved predictive capabilities facilitated by the US/GCRP has focused on four high-priority
environmental issues:

• Shorter-term climatic variability on seasonal to interannual time scales, including phenomena like the El
Nino-Southern Oscillation.

• Longer-term climatic change on decadal to century time scales, including changes in temperature and precipitation
regimes and concomitant trends like sea-level change.

• The chemistry of the atmosphere, including ozone and related changes in UV radiation.
• Changes in land cover and in terrestrial and marine ecosystems associated with changes in other components of

the Earth system.

For each of these environmental issues, a more thorough understanding of interactions among all components of the Earth
system is essential. Although each of these issues focuses on changes in natural components, their study requires the active
involvement of social as well as natural scientists in order to effectively address the human contributions and responses to global
change. For this reason, human contributions and responses research has been an integral part of the US/GCRP since the program's
inception in the late 1980s, and it remains a critical element.**

                                                          
* A complete description of the agencies participating in the US/GCRP is found in the annual series of publications titled Our

Changing Planet. Copies may be obtained from the Global Change Research Information Office; 1747 Pennsylvania Ave., N.W.;
Suite 200; Washington DC 20006; or 2250 Pierce Road; University Center, MI 48710 (E-mail address: help@gcrio.org).

** Human contributions and responses research now is coordinated by a special panel of representatives from US/GCRP
agencies.



MAJOR CHARACTERISTICS OF HUMAN CONTRIBUTIONS AND RESPONSES RESEARCH

The goal of human contributions and responses research in the US/GCRP is three-fold:

• To identify and analyze how human activities contributed to changes in natural components of the Earth systems;

• To identify and analyze the consequences of natural and human-induced change on the health and well-being of
humans and their institutions; and

• To improve knowledge of potential human responses to problems associated with environmental change.

The simplicity of the three points in this goal belies the complexity that underlies interactions among different human and
natural components of the Earth system. To state that one wants to know first how human activities impact on natural phenomena and
second how people respond to natural change, both through "normal" unplanned forms of adaptation and through conscious changes in
individual and collective behavior, masks the fact that there are numerous human components of the Earth system just as there are
numerous natural components.

People operate on individual levels, with many different considerations affecting their personal behavior, as well as through
groups that range in size from small families to nations that have populations that number in the hundreds of millions. Among the
major subsystems through which groups function are ones that focus on economic, political, legal, and social activity. Many of these
subsystems directly link with the myriad natural subsystems that focus on atmospheric, oceanic, hydrological, solid-earth, cryospheric,
and biological processes. Some of the most significant ways in which human subsystems impact on natural subsystems are emissions
into the air and water and changes in land use. Conversely, human subsystems respond to changes in natural conditions, such as
changes in weather and climate, changes in the availability and quality of groundwater and surface water, and changes in ecosystems
and land cover.

Of equal or greater importance for understanding the human contributions and responses to global change is recognition that
human subsystems interact with each other in complex, often counter-intuitive ways. The collapse of Communist regimes in eastern
Europe, for example, led many people to believe that environmental quality in the region would dramatically improve. What people,
they reasoned, would choose to breath brown air if new democratic governments allowed them to vote on the issue. The half-decade
following the establishment of new governments in the area has not seen a dramatic improvement in air quality, however, nor are
emissions of sulfur and other chemicals into the atmosphere likely to be reduced significantly in the near future. What has become
evident from this example is the role of economics as an intermediary in the political decision-making process. If the people of eastern
Europe could have cleaner air and economic vitality, they undoubtedly would elect officials who would institute rigorous emission
controls. But that is not the choice they have been offered. Over the short run, reducing emissions to "safe" levels generally would
mean closing the factories and power plants that are the worst polluters, and in a region already beset by economic stress, this is not a
choice that politicians or the people who elect them are willing to make. A willingness to pay more for environmental quality therefore
remains an ethic far more prevalent in developed countries where a majority of the people have jobs and where standards of living are
relatively high.

CHALLENGES RELATED TO HUMAN CONTRIBUTIONS AND RESPONSES RESEARCH

The Need for Interdisciplinary Research

No aspect of global change research is "easy," but human contributions and responses research is especially challenging. I
still remember a conference in the early 1990s where I was asked to participate in a special task group. The group included scientists
from a broad range of natural and social science disciplines who were employed by a diverse set of academic, private-sector,
governmental, and non-profit organizations. Our task was to identify important research questions related to the possible impacts of
climate change on a large river basin. Our chair was a well-known landscape ecologist. He suggested we begin by outlining important
research questions dealing with the impacts of climate change on physical systems. We quickly addressed this task, and within about
15 minutes, had a good set of questions related to hydrology, soils, and related subsystems.

Our chair then suggested we move on to the impacts of climate change on biological systems, and for about 45 minutes, we
wrestled with possible lines of research dealing with vegetation, wildlife, biodiversity, and ecosystem function and stability. When we
appeared to have highlighted this important set of issues, our chair took a deep breath and then said, "Now we come to the hard part --
let's add the people." Having rarely had such an opening before, I quickly asked, "If adding people is the hard part, does that make the
social sciences the "hard" sciences?" Our chair paused for a minute and then said, "Let me restate myself. Now we come to the messy
part -- let's add the people." "You're correct," I responded, "and if we can use the term 'messy' in a non-pejorative way, I'll agree with
you that the social sciences are 'the messy sciences'."



The challenges that confront research on the human contributions and responses to global change relate to a great degree to
the "messy" way in which people function. Enormous diversity exists among different individuals, and when those individuals operate
as parts of groups, a still different set of diverse behaviors may result. The fact that individuals and groups behave differently from
each other does not make analysis of human activity impossible, however, as is evident through the sophisticated models that are used
to evaluate and predict a wide range of human activities, including elections, consumer behavior, and the operation of various
economic markets.

Human contributions and responses research is not solely the domain of social scientists, however. It requires active
interdisciplinary collaboration among different social and natural scientists. Because of the need for the most advanced technical
methods and tools to be employed in human contributions and responses research, scientists especially skilled in the effective and
innovative use of the newest technologies also should be members of investigative teams.

Challenges Confronting Interdisciplinary Collaborations

Although interdisciplinary collaborations greatly broaden the range and depth of the insights that result from research,
numerous challenges confront those engaged in interdisciplinary efforts.

Challenges to Building Interdisciplinary Links

Among those difficulties are differences in cultural variations that result from different paradigms; different sets of jargon to
convey critical ideas and concepts; different methodological approaches; and differences in the framing of issues that reflects the self-
selection of disciplines by scientists, most of whom gravitated into specific fields because they found the phenomena and processes on
which their discipline focused to be more important and more interesting than the alternatives.

Interdisciplinary work also is impeded by the fact that the reward structures at many of the institutions that employ scientists
still tend to favor work within a disciplinary core rather than at what are perceived as the disciplinary margins.

A final impediment to interdisciplinary work on global change relates to the different scales on which different disciplines
focus. Although many of the physical processes on which research focuses are global and longer-ten-n in scope, scientists
concentrating their attention on the human contributions and responses to global change emphasize short-term, highly localized
activities of individuals and groups. This mismatch of geographic and temporal scales makes the simple "coupling" of models that
represent different subsystems very difficult, although considerable progress has been made in recent years through research aimed to
improve methods for conducting the "integrated assessments" that focus on the interactions among different components of the Earth
system.

Challenges Related to the Different Perceived Standings of Various Scientific Communities

A second major set of challenges that confront researchers dealing with the human contributions and responses to global
change relate to the different perceived standings of various disciplinary communities. Although social scientists constitute only one
group that needs to address this topic, they have critical roles because of their experience in analyzing different human subsystems.
Unfortunately, social scientists often are perceived as having lower stature within the broader scientific community, in part because
the people and institutions on whom social scientists focus must be examined in different ways than natural phenomena. It is ironic
that the variability and complexity that makes analyses of human activities so "messy" provides the basis for some critics the claim
that the social sciences aren’t really scientific.

Further complicating the situation is the fact that a smaller percentage of social scientific researchers are active in research
that directly relates to global change than is true for many of the natural sciences. Add to this the far smaller pool of research funding
available for most lines of social science research and the fact that the results of social science research often move rapidly into
"politically sensitive" applications, and one gets a clear sense of the continued work needed to make social scientists more equal
partners in the global change research effort.

Challenges Related to Uncertainties Within the Social Sciences

A third major challenge for the advancement of research on the human contributions and responses to global change results
from uncertainties within the social sciences. Although a small core have been active in addressing global change issues, many social
scientists are suspicious of global change research because they believe that questions have largely been defined by natural scientists.
As Bill Turner noted in his opening address, the vast majority of social scientists consider a range of topics dealing with interactions
among people and interactions with the mystical and religious realms of human existence to be of far greater significance than



human-environmental interactions. Furthermore, fewer social scientists have had experience with the kind of larger-scale, coordinated
research campaigns that have characterized global change research, so skepticism of programs that sound like "big science" remains
high.

Progress Has Been Made

Despite these many challenges to the full integration of human contributions and responses research into the US/GCRP,
considerable progress has been made. More social scientists now are actively engaged in global change research than ever before, and
collaborations linking social and natural scientists continue to be forged. Many of these collaborations have benefited considerably
from the involvement of scientists with special technical skills. Although much work remains to be done, the potential for continued
progress remains high, if for no other reason than the need for better understanding of the human contributions and responses to global
changes now is so widely recognized.

DATA AND INFORMATION NEEDS RELATED TO HUMAN CONTRIBUTIONS AND RESPONSES

Major challenges confronting researchers dealing with human contributions and responses to global change were identified in
the preceding section. To that list of challenges should be added the needs for data and information that must be addressed in order to
achieve improved predictive capabilities for understanding interactions among human and natural components of the Earth system.

Good News and Bad News Regarding the Use of Remotely Sensed Data

Much data currently exists that can be used by human contribution and response researchers, but the availability and quality
of different kinds of data varies enormously. For participants at this conference, the good news is that remotely sensed data is widely
available over the surface of the globe and generally of much higher quality. Satellites are other information gatherers, and they gather
the same information regardless of the economic or social status of the people being observed.

Unfortunately, the bad news is that only certain types of information can be garnered from remotely sensed data. For land
use, excellent detailed information is available around the globe. Related information about economic activities and population
patterns also is available world-wide, but while sensors have been developed to identify structures anywhere on the globe, they are not
yet sufficiently sophisticated to tell us more crucial kinds of information, such as what activities are occurring beneath the roofs of
those structures, how many people are living or working beneath those roofs, and what kinds of substances the people within may be
emitting into the land, air, and water. Even more problematic is information that provides information about the "lifestyles" and
technological capabilities of people whose structures and land uses are evident in remotely sensed images. As one who invariably sees
glasses as "half-full," I want to stress the good news part of the message I have just conveyed. The limitations of remotely sensed data
must be understood, however, if we are to take full advantage of them in expanding the critical data and information bases that will be
used by human contribution and response researchers in the future.

Possibilities for Linking Remotely Sensed Data with Data from Other Sources

In keeping with my positive tone, I would like to cite other good news related to observational data about human
contributions and responses. Databases are growing in range and quality, as more researchers conduct research and archive their data
in publicly accessible outlets. New sources of information are being generated, and data is becoming increasingly accessible through a
variety of media, including the World Wide Web, CD-ROMs, and "electronic libraries" that take advantage of advanced
telecommunications technologies.* The outlook also is favorable for expansion of data to better understand and predict human
contributions and responses because both natural scientists and those whose technical interests relate to the production, interpretation,
and management of remotely sensed data are advocating this expansion.

There is a limit as to how much information we can squeeze out of remotely sensed data, however. The continued expansion
of information about the human contributions and responses to global change therefore will hinge on our abilities to more effectively
use remotely sensed data in concert with information from other sources. One of those other sources is census data. Although census
takers may never be able to disclose exactly how many people dwell beneath the roofs of specific domiciles because of the need the
maintain the privacy of respondents, census data can characterize the number, affluence, and technological capabilities of residents
over a broader area, thereby permitting researchers to make reasonably accurate inferences about the "average" characteristics of
neighborhoods. Changes in the number and form of residential structures evident in regularly updated images from remote sensors
therefore could be used to make more accurate estimates of the number and characteristics of the population than currently is possible.

                                                          
* One example of human contributions and responses information available on the WWW is the set of "thematic guides"

available from the Consortium for International Earth Science Information Network (CIESIN). The URL for these guides is
http://www.ciesin.org/TG/thematic-home.html



Other sources of data can further refine this kind of process. Utility records are a source of information that generally has not
been used for fundamental research, largely because of their highly proprietary character. The utilities that collect this data have an
especially critical stake in improving predictive understandings of the human contributions and responses to global change, however,
because many proposed strategies for mitigating the adverse impacts of change target them. The common need for better knowledge
about human contributions and responses to change has spurred cooperation among federal agencies and researchers participating in
the US/GCRP and groups like the Electrical Power Research Institute (EPRI). Increased collaboration in the future may include
greater access for researchers to utility company data that will help answer critical questions, even if the proprietary nature of that data
will inhibit its wide-spread circulation. In a similar way, data from those engaged in market surveys and detailed data regarding
transportation systems offer the promise of deeper insights into human activities that will complement the information gathered from
remote sensors.

NEXT STEPS

Progress has been made, and the potential for future advances is high. Those advances will not occur without continued work
by many different individuals and groups. First and foremost among the steps that need to be taken is clear identification of the
important research questions relating to the human contributions and responses to global change. Although general-purpose data
collection sometimes has succeeded in the past, the limited resources that will be available make it essential to have greater clarity
regarding what specific questions need to be answered and what data will be required to answer those questions.** Another important
set of activities relates to the need to identify other measures of human activity that can be used to broaden the interpretive capabilities
of remotely sensed data. This includes the more effective use of data from other sources.

But above all else, progress on the human contributions and responses to global change requires straightforward action.
Because it examines the complex interactions among different human and natural components of the Earth system, global change
research is inherently interdisciplinary. The foremost need therefore remains the nurturing of interdisciplinary teams consisting of
social and natural scientists as well as scientists adept in technical methods to address these complex interactions together. The
greatest progress has been made by such teams. When assessments are conducted to determine what enabled these interdisciplinary
teams to succeed, one learns that despite all the obstacles, despite all the problems, and despite all the uncertainties, one critical factor
was at the core. Members of these teams did not sit idly by and rationalize why they couldn’t succeed. Instead, they rolled up their
sleeves and went to work.

Hockey great Wayne Gretzky has been quoted as saying, "You don’t score goals on shots you don’t take." To continue to
make progress on the human contributions and responses to global change requires social, natural, and technical scientists to form and
build the interdisciplinary teams that will address the important research problems. Those of us here at Pecora 13 can lead by example
if we recognize the need and if we act to address it. Rather than continuing to talk, I urge us to remember the clarion call associated
with a certain swooshy trademark and "Just do it!"

                                                          
** Within the US/GCRP, agency representatives are working with the groups like the National Research Council’s Committee

on the Human Dimensions of Global Change to identify the highest-priority research questions for the next decade.



THE PECORA LEGACY
LAND OBSERVATION SATELLITES IN THE NEXT MILLENNIUM

William E. Stoney
Mitretek Systems Corporation
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ABSTRACT

This paper provides an overview and analysis of the 46 high resolution earth observation satellites (equal to or better than the
cur-rent Landsat’s 30 meters) planned to be launched in the decade starting in 1996. All imaging instrument types are represented,
panchromatic film cameras, panchromatic , multispectral and hyperspectral. scanners, and radar imagers. A detailed summary and
analysis of the data characteristics of each system, including their spatial resolutions and spectral and temporal coverage is presented
and shows both the breadth and depth of the data products that could be available.

It would be naive to believe that all of the plans presented will come to pass. The tightening world economies will likely
affect both the government and commercial plans for new satellites. But it would be equally naive not to recognize that the plans
represent a real and growing worldwide interest in the potential of satellite remote sensing by both governments and the private sector.
The next decade will certainly see at least three wide area Landsat like systems in orbit simultaneously and equally surely at least one
and probably two of the commercial high resolution systems. And the continuation of at least two radar systems also seems assured.

The message to the users and especially to the research and value added communities is that now is the time to aggressively
develop the new and more useful information products that the multiple satellite environment will make possible for the first time. The
future for satellite remote sensing really lies in the hands of those responsible for developing scientifically and/or economically useful
information products from the diverse and robust data sets that can be available if the economics are shown to be viable. The number
and kind of satellites that are actually launched and will continue to be operated is in the "invisible hands" of the users.

Background

In the late nineteen sixties, William Pecora, while serving in a number of positions at the Department of the Interior,
including Undersecretary, convinced a reluctant bureaucracy to initiate the Landsat series of land observing satellites. This was at a
time when detailed views of the land from space were restricted to the military alone, and when the earth science community had little
or no understanding as to the scientific and practical value satellites could bring to their disciplines. Fortunately his vision prevailed
and the Landsat program launched its first satellite in 1972. As shown in figure one, that first satellite was followed by four more U.S.
satellites and by several more from France, India, Japan, Russia and ESA. The growing community of earth scientists now have 10
national and international satellites currently in orbit that meet Dr. Pecora’s land imaging goals.1 The principal purpose of this paper is
to show potential users that there are satellite program plans that could expand that number to 20 or more in the next decade, most of
which will have measurement capabilities that are well beyond Dr. Pecora’s fondest dreams.

Scope

This paper covers only the civil, domestic and foreign, land observation satellites current or planned for the next decade with
thirty meter (the current Landsat resolution) or better ground resolution. While this consists of a large number of satellites, it is only a
small part of the total number of earth observing satellites which are or will be measuring the earth in various other ways, from the
daily images (with 1 Kin ground resolution) and atmospheric soundings of the NOAA and foreign weather satellites to the numerous
scientific measurements of NASA’s Mission to Planet Earth and its associated foreign collaborators. This subset has been chosen
because it is most likely that satellites which have the ability to define human scale objects will prove most useful to those who
attempting to record and understand the details and scope of the interactions between man and his habitat.

The Satellites

Nearly all the following data were gathered by a questionnaire sent to the participants at the American Society of
Photogrammetry and Remote Sensing (ASPRS) September 1995 conference "Land Satellite Information in the Next Decade" or from

                                                          
1 Also see the several conference papers which discuss the Landsat program, its history and its potential future.



presentations made at that conference. Corrections have been made where required and several programs initiated in the interim have
been added.2

Figure 2 lists 46 satellites from nine countries that either have been placed in operation since 1990 or will be launched by
2004. it lists the satellites by the four major sensor types carried. It also provides the sponsoring country, the source of funding
(government or private), the name of the program, the sensor names including the lower resolution wide angle sensors where they are
used, the launch dates and the sensor types carried. Figure 3 provides the launch schedule and probable operating lifetimes of all the
systems noted on figure 2.

As can be seen on figures 2 and 3, the satellites group naturally, first into the two sensor types, optical and radar. Second, the
optical systems fall into two groups based on the characteristics of the data they are designed to provide: the first group following
closely in the footsteps of the Landsat system, incorporates wide swaths and intermediate resolution, with broad spectral coverage
including SWIR, and the second group, made possible by the governments decision to allow high resolution commercial systems,
have high resolutions, narrow swaths, and PAN and VNIR sensors only. The charts also note the five experimental systems being
developed by the US, which are discussed below.

The Year 2000

Perhaps the best understanding of the basic data characteristics of the next decade’s planned satellites can be seen on figure 4
which lists those satellites with launches planned for ’96 to the year 2000 and thus those which should be in orbit in that year. This
chart provides the resolution of each of the color bands measured by the sensor, the type of stereo coverage possible, the swath width
and the nadir global repeat which results from that swath width.3 The color bands are listed under the Thematic Mapper’s band
numbers. While the individual band ranges do vary somewhat as shown on figure 5, the differences are negligible for the majority of
data uses.

Note that the two operational optical groups are each fairly homogenous in terms of the number of bands, the range of the
resolutions and the swath widths in each group and that these attributes are distinctly different between the two. It is apparent that the
systems are focused on two different sets of applications and that neither can effectively serve both.

The Landsat Group: The upper group on the chart, all but one of which is government funded, is configured for
multispectral monitoring of the changes to the land cover of large areas, i.e. the globe, continents, countries, states or Texas scale
ranches. The data must be acquired over these large areas often. For example the Global Land Change Science Program would like
global coverage of all the land areas at least once every season. Equally important the sensor must include at least the lower SWIR
band which is considered vital for many multispectral. analysis based functions. As the chart shows, all but ADEOS4 include at least
the lower SWIR band.

The one commercial venture included in this group, Resource215 is unique in several ways. Their target market is support of
the farmer to enable "precision farming" technologies. This requires delivery of products at least once per week which in turn requires
4 satellites to provide a reasonable chance of ensuring the weekly data delivery in spite of missing coverage due to cloud cover. Also
the data must be very well calibrated to be useful in identifying meaningful changes in the field’s growing patterns. As a result their
sensor includes a solar calibration design similar in capability to that being developed for Landsat 7.6

                                                          
2 The author is grateful to ASPRS for permission to use much of the material originally published as part of the ASPRS

summary conference report in this paper.
3 Note that with the exception of Resource21, the repeat days are for a single satellite. Do not confuse global cover repeat

times with the revisit times provided by those satellites which can point their sensors off axis. As the chart notes all of the systems
with stereo capability can provide 2 to 3 day repeat visits at the equator and better than that at the higher latitudes. Global cover repeat
times are a measure of the ability of the satellite system to gather a complete global data set if there were no clouds. Simulations have
shown that the repeat days on the chart must be multiplied by at least 4 to 6 times to define the acquisition times for a reasonably
complete global cloud-free data set.

4 ADIOS is included in the upper group, but its lack of a SWIR band, its fairly low swath width and middle range resolution
places it in between the two groups

5 Resource21 is a proposed partnership of two aerospace companies, Boeing Commercial Space Company and GDE Systems
and three agro-business companies, Agrium, LTD., Farmland Industries, and Pioneer Hi- Bred International. They have stated that
they will make their final go no-go decision by 8/96.

6 Sensor calibration, which is an important issue for many multispectral applications, was not provided in great detail in the
questionnaire responses nor discussed in the conference presentations. The critical issue for multi-year land change applications is the
long term stability of the sensors and/or the inter sensor comparability of successive sensors in a measurement program. Most current



The High Resolution Group: The second group is essentially commercial7, and is focused on mapping and GIS products at
scales currently provided by the airborne sensor industry. They project that their primary products will be panchromatic I to 3 meter
scenes and stereo pairs. Their high resolution is essential to the development of new markets for imagery capable of identifying and
measuring changes at the human scale of houses, roads and civil engineering projects. It is well understood that this scale of imagery
could be very useful to those countries that may feel the necessity of being kept aware of their neighbor’s potentially threatening
activities. While they cannot provide the global wall to wall coverage currently targeted by the Global Land Change Program, their
ability to point and return quickly to the same scene may be ideal for statistical sampling methods using both their PAN and VNIR
bands for specific land change science and land change management functions.

The Experimental Systems: The US is funding four test oriented missions which will be operating in the year 2000. One
will carry a Japanese developed experimental sensor, ASTER. The data from the experimental sensors will be used to evaluate the
potential of increasing the accuracy of spectral identification of earth cover classes by increasing the number of spectral bands
measured, either by adding additional discrete bands in the SWIR and TIR regions as in ASTER, or by using a hyperspectral sensor as
in Lewis. EO-1 will test several advanced sensor and satellite technologies. In particular current plans call for two hyperspectral.
sensor approaches, one using a wedge filter and the second a grating spectrometer. The exact sensor characteristics of Warfighter 1
have been left up to the proposers whose task is to meet a detailed set of target identification tasks. This system bears watching by the
civil users because the contractors are being encouraged to develop a system which will have civil uses as well.

The Radar Group: Radars are at once the most promising and the least understood of the satellite land observation sensors.
The ability to see through clouds makes radar imaging very attractive to users living in cloudy areas, which probably explains ESA’s
early and continuing interest in this technology. The radar satellites can supply images with resolutions from 5 to 100 meters for
swaths from 20 to 500 kilometers and thus can cover a wide range of applications. At the same time radar images are very complex
compared to optical images and data interpretation techniques are not as well understood or available as those for optical data.

There are still technical questions concerning the choice of band which should be used, ESA choosing the C band and Russia
the S. Japan, whose past and proposed radar satellites did not make the date window cut of figure four, selected the L band for  their
systems. The US is notably absent from this group. However NASA teamed with Germany and Italy to develop and fly SIR C on the
Shuttle. The missions included three different bandwidth radars, C, L, and X. The preliminary results indicate that the ability to
register images from several radar bands may prove as valuable for interpreting radar images as multispectral. interpretation has
proven for optical systems.

Data collection variables

It is readily apparent from the data characteristics presented for the satellites on figure four, that there are wide variations in
the image features supplied by the different systems. The major features of interest to the user are spatial resolution, temporal
resolution and spectral coverage.

Spatial resolution: In late 1994 congress and the administration created a revolution in civil remote sensing by providing
rules for commercial satellites which did not put limits on the resolution that could be used. The private sector immediately requested
and got licenses for first a three meter satellite (to be launched late in ’96) and then after considerable discussion between the
administration and the congress, one meter resolution data licenses were granted to four companies (to be launched in ’97, ’98 and ’99).
The fact that even then 2 meter panchromatic scenes could be obtained through commercial channels (and still can) from a Russian
satellite was a motivating factor in the decision process.

Doubling the resolution requires four times the data for a given area. Not only do the costs of data management go up
dramatically, the sensor and satellite costs force system designs to be limited to narrow swaths. In practice the systems intended for
the identification of land cover and land use and thus broad area coverage have focused on moderate resolutions between 5 and 30
meters and swaths of 100 to 200 kilometers, while the high resolution satellites are designed with 1 to 3 meters resolution and 4 to 40
kilometer swaths.

Spectral coverage: As noted the three optical groups differ in spectral coverage. Figure five provides a graphic picture of the
spectral bands for the year 2000 satellites. It shows the band information from figure four in a form in which the similarities and
differences are readily apparent. (It does not show the higher resolution sharpening PAN bands carried by all but the Resource21 and
the ASTER systems.)

                                                                                                                                                                                                                       
sensors depend on on-board calibration lamps. Landsat 7, Resource21, and ADIOS are the only systems that noted their plans to use
the sun as a source to improve the precision of their long term calibrations.

7 Russia’s Spin and Almaz programs are posturing themselves as totally commercial, albeit their original systems were
government funded. India is selling their current data through EOSAT.



The major use of the color bands is automated classification of land cover types. The lower SWIR band has been shown to be
nearly essential in such analysis and thus is featured in the global coverage type systems. The upper SWIR has proven of great value
in the discrimination of surface mineralogy. The TIR band measures the radiation from heat sources and has not been generally used
in land classification projects, partially because of its lower, 120 meter resolution.

The high resolution systems carry VNIR bands only because of the extra costs of adding bands above that region. Since their
major use will be in mapping and the identification of man made objects, they are not as concerned with having the capability of
computer classification of the natural environment.

The color bands of the two experimental satellites are pointing to the increased interest in doing more and better computer
identification and classification by increasing the amount of spectral information measured, either by adding many more individual
bands as in ASTER or by measuring the spectrum continuously as in the hyperspectral. sensor on Lewis

Temporal coverage: There are two types of temporal coverage; global repeat coverage, which is the frequency with which
all locations can be visited, and is a direct function of the swath imaged by the sensor; and site revisit period, which is the time
required to revisit any given site and is a function of the side pointing capability of the satellite and or instrument. All of the satellites
except Landsat have cross track pointing and thus revisit times of 2 to 3 days at the equator. Because all the satellite orbital paths cross
near the poles, both global repeat and site revisit times are halved at 60 degrees latitude and get rapidly better above that latitude.

Figure six8 provides a graphical look at the relation between the broad area and the high resolution satellite swaths and the
resulting global coverage times. It illustrates the three system configurations that have been developed to cover the trade offs between
spatial coverage, temporal coverage and resolution. ( MODIS & AVHRR kilometer resolution, 1 to 2 day global repeat systems;
Landsat like 10 to 30 meter, 2 to 3 week global repeat systems; and high resolution I to 3 meter, 4 to 12 month global repeat systems)

Multiple satellites: The above discussion of scene attributes has been focused on the capabilities of a single satellite.
Because many potential uses require data to be taken over very large areas frequently and at particular times it is apparent that no
single 30 meter or better satellite can meet such needs. Figure seven illustrates that the situation in the year 2000 could solve the
resolution/frequency trade off by the availability of multiple satellites. The top section shows the number of times any point on the
equator will be overflown in a hundred day period by one of the six government satellites noted. These satellites are from five
different countries. If their orbits and their repeat periods had been coordinated the figure would have shown a constant repeat interval
of 3 days. When the other satellites planned for the year 2000 are added, nearly every other day coverage results. It is obvious that this
is due principally to the four coordinated satellites of Resource21 with their own 4 day repeat cycle.

The effect of clouds: The user must be aware that the above overpass figures do not directly represent data acquisition
opportunities because of the frequency of clouds. All of the above figures must be corrected. for the effect of clouds. Figure 8 presents
the results of "flying" the satellites over a global map of Landsat scenes of the world each of which have been filled with the
percentage of cloud free area for each day of the year.9 A scene acquisition plan which accepts all scenes which are better than 85%
cloud free and any series of scenes that have a high probability of being 85% cloud free when mosaiced together, was carried out for a
single satellite, for two satellites and for four satellites.

The figure 8 graphs show the cumulative percent of the acceptably cloud free global land scenes achieved by each of the
three configurations for each of six 16 day global cycles. The increased cloud free scene acquisition capability of multiple satellites is
obvious as is the inability of a single satellite to meet the science goal of quarterly global coverage.

But cumulative global coverage figures are not too helpful if your location of interest doesn’t represent the average weather
conditions. Figures nine, ten and eleven map the cloud free percentage of each scene acquired in the first global pass of the one, two
and four satellite configurations. These are mapped onto a grid of the 11,680 Landsat 185x 170 kilometer scenes that make up a
complete global coverage. It is apparent that again multiple satellites are critical to obtaining cloud free data in many of the most
ecologically interesting areas of the world, i.e. the major growing areas.

Conclusion: It is up to the usersnow.

If only half of the satellites listed in this paper are actually launched, Pecora’s vision of a robust and capable global land
observation space system will have been fulfilled. The "rocket scientists" have done their job. The political (and soon the

                                                          
8 This figure is being presented with the kind permission of its creator, Dr. Darrel Williams of GSFC
9 The cloud data are from an Air Force analysis of the cloud conditions for the year 1997 and were provided to Mitretek by

the then GE Aerospace Corp.



entrepreneurial) parts of society have allocated multi billions of dollars to place satellite systems in orbit that can assess the state of the
world’s vegetation almost daily or will be able to provide detailed maps with the latest roads and buildings at almost any frequency the
user might want. It really will be technically possible for anyone to observe, record and measure the outdoor building activities (from
backyard pools to nuclear plants) of anyone else, any place in the world, nearly anytime.

The value of these systems in now in the hands of the user community. For what and how well they will be used literally
depends on the imagination and enterprise of the scientific disciplines concerned with understanding our world and the impact our
numbers and activities are making on its possibly fragile systems.

The science users still face critical problems. They must decide which data will be useful for what science objective. This
will necessarily involve interdisciplinary and international teams in an iterative process that will extend years if not decades. The need
for funding must be addressed now if there are to be any significant programs in place when the new millennium satellite systems are
in place.

There is at least one more problem that must be addressed by the science user community as soon as possible. Hopefully it is
one that may not require much funding. Landsat, Spot, IRS-1C and ADEOS are in orbit now. A forceful science community could
surely devise a scientifically viable land data acquisition plan using all of these satellites that would ensure that a global archive would
be available for the future. Data acquisition and storage of raw data should involve only marginal cost increases and thus be acceptable
to the government owners and operators as a small price to pay for an invaluable contribution to future generations of global science
investigators.
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ABSTRACT

The term "precision farming" means carefully tailoring soil and crop management to fit the different conditions found in each
field. Precision farming is sometimes called "prescription fanning," "site specific fanning" or "variable rate technology." Farmers are
developing yield maps of com, soybeans and small grains by measuring a "grain weight" and GPS reading every second as they run
their harvesting equipment across the field. This provides a "yield map" which is really a digital image of their yield variations.

Present interest in precision fanning is causing a revolution in the analysis of data collected at 1-5 meter spatial intervals.
Farmers will be interested in data with that resolution to compare to their yield maps. They are also generating a demand for accurate
digital data. The needs for this new computer-literate farm manager creates a demand for the manipulation and interaction of data
from digital soils maps, field boundary maps, drainage maps, yield monitor images, fertilizer, seed and chemical rate applications and
numerous other records. Interest is building in the use of remotely sensed data to compare with yield image maps and make
management decisions based on these data. Delivery of the remotely sensed data in real time and interpretations of the data will be the
key to effective use.

The next ten years will see a rapid increase in demand for digital data at all levels from the collection of data for local,
regional and national statistics, to the management of crop production, transportation to markets, for crop insurance decisions, to
marketing commodity futures and delivery of data to people who consult with farmers including county extension educators, crop
consultants, ag industry agronomists, farm management groups and many others. The initial steps in this process are already being put
in place.

INTRODUCTION

Precision Farming is a current buzz word among agricultural circles. The term "precision farming" means carefully tailoring
soil and crop management to fit the different conditions found in each field. Precision farming is sometimes called "prescription
fanning," "site-specific fanning" or "variable rate technology" (Johannsen, 1994, 1996a, 1996b, 1996c). It has caused a re-focus on the
use of remote sensing technology in addition to focusing on geographic information systems (GIS) and global positioning systems
(GPS).

All three technologies have been used intensively in NASA and the Department of Defense. We have literally taken
"agriculture into the space age" with these technologies. Farmers have services available that involve satellites collecting data,
transmitting locational information, or providing data from a variety of sources. Farmers can analyze this satellite information or they
can rely on companies to do this service for them for a fee.

Some farmers have already received benefits of satellite remote sensing data. Satellite images from Landsat and SPOT have
been used to distinguish crop species and locate stress conditions (Lozano-Garcia et al., 1995). The cost of obtaining the images has
been the biggest deterrent in regular use of such data. The increased price of corn and soybeans during the 1996 growing season has
caused farmers to explore opportunities for making more money per acre.

I predict that the future satellite launches, such as the TRW Small Satellite, World View Imaging, Resource21, EarthWatch
and Space Imaging, will be competing for the agricultural market and lowered prices will encourage farmers to participate. The
remote sensing part of precision farming will need to be proven; it is being tested during this crop year. More information on benefits
of remote sensing and its future will be discussed later in this paper.

More recently farmers have gained access to site-specific technology through Global Positioning Systems (GPS). GPS makes
use of a series of military satellites that identify the location of farm equipment within a meter of an actual site in the field (Parsons et
al., 1995). The value of knowing a precise location within inches is that 1) locations of soil samples and the laboratory results can be
compared to a soil map, 2) fertilizer and pesticides can be prescribed to fit soil properties (clay and organic matter content) and soil
conditions (relief and drainage), 3) tillage adjustments can be made as one finds various conditions across the field, and 4) one can
monitor and record yield data as one goes across the field.



The real value for the farmer is that he can perform more timely tillage, adjust seeding rates, perform more accurate crop
protection programs, and know the yield variation within a field. These benefits will enhance the overall cost effectiveness of his crop
production (Johannsen, 1996b).

TILLAGE

The ability to vary the depth of tillage along with soil conditions is very important to proper seedbed preparation, control of
weeds and fuel consumption and therefore cost to the farmer. Most farmers are using conservation tillage which means leaving
residues on the soil surface for erosion control. The use of GPS in making equipment adjustments as one goes across the different soil
types would mean higher yields and safer production at lower cost. This part of precision fanning is in its infancy.

The equipment companies are announcing tillage equipment with GPS and selected controls tailored to precision fanning at
some of the recent conferences and there will be more to come.

SEEDING

Hybrid seeds perform best when placed at spacing that allow the plants to obtain such benefits as maximum sunlight and
moisture. This is best accomplished by varying the seeding rate according to the soil conditions such as texture, organic matter and
available soil moisture. One would plant fewer seeds in sandy soil as compared to silt loam soils because of less available moisture.
The lower seed population usually has larger heads (ears) of harvested seeds providing for a maximum yield. Since soils vary even
across an individual farm field, the ability to change seeding rates as one goes across the field allows the farmer to maximize this
seeding rate according to the soil conditions. A computerized soil map of a specific field on a computer fitted on the tractor along with
a GPS can tell farmers where they are in the field, allowing the opportunity to adjust this seeding rate as they go across their fields.

CROP PROTECTION

The application of chemicals and fertilizers in proper proportions is of environmental and economic concern to the farmers.
Environmental regulations are calling for the discontinuance of certain pesticide applications within 100 feet of a stream or waterbody
or well or within 60 feet of an intermittent stream. Using a GPS along with a digital drainage map, the farmer is able to apply these
pesticides in a safer manner. In fact, the spraying equipment can be preprogrammed to automatically turn off when it reaches the
distance limitation or zone of the drainage feature. Additionally, farmers can preprogram the rate of pesticide or fertilizer to be applied
so that only the amount needed as determined by the soil condition is applied varying this rate from one area of the field to another.
This saves money and allows for safer use of these materials.

HARVESTING

The proof in the use of variable rate technology (adjusting seed, pesticide, fertilizer and tillage) as one goes across the field is
in knowing the precise yields. Combines and other harvesting equipment can be equipped with weighing devices that are coupled to a
GPS. One literally measures yield on the go. With appropriate software, a yield map is produced showing the yield variation
throughout the field (Figure 1). This allows farmers to inspect the precise location of the highest and the lowest yielding areas of the
field and determine what caused the yield difference. It allows one to program cost and yield to determine the most profitable practices
and rates that apply to each field location. In my opinion, the use of yield monitors is a good place to begin if one wants to get started
in precision fanning. Farmers are able to determine grain moisture variation through moisture sensors and assess the reasons for the
variation (Figure 2).

Yield data from the same field over 3+ years would define the weak spots in the field and narrow down the probability of
what is causing a low yield.

BENEFITS OF REMOTE SENSING

As mentioned earlier, the agricultural applications of remote sensing have been oversold in the past. There are some
significant improvements in sensor technology, software capabilities, understanding and interpretation of data and the delivery of the
information that have occurred in the last few years. In terms of sensor technology, we are seeing improvements in wavelengths
collected, i.e., hyperspectral data where several hundred wavelengths of energy are collected at narrow bandwidths and spatial
resolutions that allow one to see great detail (Table 1). Note that we are not limited to thinking only about satellite coverage for
remotely sensed data. Several companies are providing sensor coverage by airplane from a variety of altitudes at the time that the
grower would like to see what is happening to the crop. The other choice is that companies are developing sensors that can provide
specific measurements for specific elements or conditions. Purdue University has patented an organic matter sensor (Gaultney et al.,



1991) that can be used on an implement such as a com planter or on a lime/fertilizer truck. Other sensors are being developed and
show promise of being a high growth business opportunity.

What are the conditions that one measures or interprets from remotely sensed data? One of the first conditions of concern to
the grower is knowing if the crop is under any stress condition. Because plants show less surface area when stressed and there are
changes in pigmentation, the probability of mapping stress is high. Determining what has caused the stress such as lack of moisture,
too much moisture, nutrient deficiency, disease or insects, requires a ground visit or familiarity with the conditions in that geographic
location.

Another condition of interest is monitoring crop variability. This may be due to some of the above conditions or weeds, too
much fertilizer, compaction or other possibilities. Seeing some type of variation in the crop should cause the grower or crop consultant
to perform some field investigations to determine causality.

Growers are also interested in estimating the yield of their crop prior to harvest. Remotely sensed data can give valuable cues
to the potential yield; however this will vary by growth and maturity of the crop. Not all crops will provide high correlation of
vegetation mass to yield. Variation in com varieties, for example, has shown that some varieties have more vegetative cover than
others and may not be related to actual yield. Much work needs to be done in this area. The use of more wavelength bands at narrower
bandwidth holds promise for determining more information about yield and yield quality.

Another technology that will assist in improving answers and interpretation will be Geographic Information Systems (GIS).
The ability to merge soil maps with remotely sensed data to understand crop variability is a great asset to interpretation. Many growers
have commented that they would like more detailed soil information than currently provided by the standard soil maps. The ability to
take other data such as terrain data, slope, aspect or even other remotely sensed data and look at crop variability causes many people to
see many opportunities for better understanding of what is causing the variability.

THE FUTURE

The potential for agricultural applications has never been greater. Other presentations at this conference have confirmed that
we have the potential for over 50 land observing satellites to be launched before the year 2007. These satellites which are both
government and commercial will have a large range of spatial resolution from I meter to 1 kilometer. The highest resolution is
proposed by Space Imaging Corporation who plan to launch satellites in the next few years that will have I meter panchromatic and 4
meter digital data. Other companies like EarthWatch, Resource21 and GER are promising data in the 5 to 15 meter spatial range.



Another factor providing ag application potential is the increased spectral resolution promised by some of the satellites. TRW
will launch the Lewis satellite during this next year under a NASA contract with 384 wavelengths. The 5 nanometer bandwidth will
certainly provide a more detailed look at the reflective nature of light coming from soil and plant conditions. Other companies will
learn from this data in their selection of specific wavelength bands for specific measurements of plant conditions such as stress,
nutrient deficiencies and similar variations effecting crop yield.

The increase of GIS applications in conjunction with remotely sensed data will provide further increases in the use of remote
sensing. A number of companies, some which are new ventures, are developing software specific to a grower’s needs. Additionally,
crop and soil consultants will be using these tools as part of their offerings to the grower.

CONCLUSIONS

GPS has already made a big impact on precision farming. Where does GIS and remote sensing fit with Precision Fanning?
Several companies are starting to market GIS record-keeping systems so farmers can record all of the field operations such as
planting, spraying, cultivation and harvest (along with specific information such as type of equipment used, rates, weather
information, time of day performed, etc.). Additionally, the farmers are able to record observations through the growing season such
as weed growth, unusual plant stress or coloring and growth conditions. Data collected by the GPS operations can be automatically
recorded with the GIS program. Remotely sensed data can be analyzed and added to the GIS using soil maps, digital terrain and field
operations information as ground truth.

This can be used to guide further field operations like spraying, fertilizing and irrigating plus it is part of the permanent
record. Precision farming will make a strong impact on the way farmers manage their farm operations in the future. We will see a
steady growth of the remote sensing, GIS and GPS technologies as a result of this method of "farming by the inch."
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Abstract

An architectural approach for a large scale, distributed, archive system for large volume, remote sensing imagery is
discussed. Concepts particular to large image archives, and large image retrieval, as differentiated from traditional storage databases,
are presented, including images as event conditions and subsequent symbol set representations for indexing and searching. Discrete
event simulation models of prototype systems have been developed, both from simple queuing approaches and from networked,
discrete event concepts. System and image information architectures, performance, and metrics are presented and evaluated as a result
of simulated application scenarios. An approach to network market-based transactions of systems resources and image components is
also presented.

INTRODUCTION

The design of large scale, distributed digital archive systems for storage and management of remote sensing images presents
a number of interesting challenges, not the least of which is the manipulation of the large volumes of data that such image records
represent. The application of images as a primary archive element has revealed new opportunities in representation and interpretation
of images as data structures, as differentiated from historical data structures of relatively few bytes of data. Unfortunately, many
current and planned approaches to image systems development continue to rely heavily upon historical concepts of databases and
database transaction mechanisms developed around data elements of hundreds of bytes, whereas a single remote sensing image could
represent hundreds of megabytes. This relative size disparity of traditional data elements and modern remote sensing image files
should indicate radical new design approaches. Today we are confronted with single images in the hundred plus megabyte range, and
image systems planned around multiple nodes of multi-petabyte (1x10e15) archive storage sites. If motion picture imagery are
included, we are in the range of exabytes (1x10e18). While remote sensing images and data are of concern here, other emerging
imagery is equally demanding: medical, bio-medical and scientific imagery; astronomical imagery and data; reference and historical
imagery for academia, business, and government (including simple and compound document imagery); and ever present defense
requirements.

In this paper, resources and relationships of such image systems are examined in terms of image characteristics and attributes,
using remote sensing imagery as the primary subject imagery. This type of imagery has two of the important elements for
consideration: size and complex ancillary data. These elementary characteristics raise two associated questions that this paper will
discuss: how does a system handle such large data sets and how does one find something in such a large data set.

One might want to view such an archive as an electronic library, with pictures being continually added and copies being
checked out. However, this analogy is soon confronted with technological limitations such as available bandwidth for image
transactions: a problem exacerbated by the archives growing faster than channel capacity. Secondly, finding the electronic equivalent
of a librarian to organize and retrieve desired image items presents a formidable indexing and query problem when considering the
transcendental nature of many images, particularly images taken out of context. While there exists some standards that may be utilized
for image indexing [1, 2], these usually fall short of a utility for complex applications, particularly with regard to the potential data
volumes and the conceptual and symbolic content, of individual imagery. Existing standards will help in broad subject categorization,
but are easily overwhelmed by individual content searches in large scale, automated systems. There are also more subtle differences in
system performance that loom large as such systems are distributed, particularly in the areas of information flow, distributed
organization, concurrent information, and indexing.

Models. Due to complexity, scale, and the cost of resource allocation in a large, distributed system, simulation models have
proven useful in the analysis and design process prior to deployment. Modeling efforts provide a means for evaluation of options
without having to actually construct such large and costly systems. Examined under simulation, proposed architectural components,
along with performance parameters and response requirements, are designed and analyzed. Some of these efforts are described here
along with simulation metrics and the performance characteristics of various design conditions.

Part I of this paper deals primarily with an overall system architecture and the concept of peripheral networks. Part II
discusses some of the necessary ideas about image language, setting the framework for both an image syntax and semantic structure.
Part III explores actual performance issues and metrics based on simulation models developed for this purpose. Part IV briefly touches
on some real-world implementation issues involved with market driven networks.



1. ARCHITECTURE

A Large Scale Distributed Image Archive system, or distributed image archive (DIA), as described here, is characterized by
an almost continuous flow of information, both into the system (requests and writes) and outwards (acknowledgments and reads).
Capacity and throughput needs presents design requirements, while response time is always a concern. Additionally, various DIA
applications may require significant differences in relative volume capability or scale -- from large to very large. The system
suggested here represents an approach to many of the problems encountered in large scale distributed architectures. In order to provide
a flexible, scaleable, and responsive distributed system, the current DIA model is constructed from four main functional components,
including storage media volumes: an Archive Library Server (ALS), Archive Managers (AM), Automated Volume Libraries (AVL),
and media, which in this case are optical disk platters (OD). These components have evolved as a means to implement a modular
architecture. However, not all components are necessarily discrete or apparent in a particular system (particularly the ALS and AM)
while the functional responsibilities of these components are resident logically in this architecture. In fact, these components can also
be related to elements within standard models such as the Mass Storage System Reference Model [3]. A network architecture of these
components is shown in Figure 1. The responsibilities for each component are unique along with the network relationship. While the
diagram depicts a rather hierarchical design, the reality is not so, in that an AM can receive or provide archive information directly,
without passing it through the ALS. The ALS, on the other hand, will be informed, and will inform, via messages, the status of
current, future, and past DIA states. So while a network path is constructed in search of destination information, an entirely
independent network path will be constructed to transfer information. Logically, the system appears fully connected to an outside
observer -- a very difficult feat to achieve in the world of limited and expensive interfaces.

This separation of archive data and control data is the equivalent of data and control channels in newer digital network
architectures [4]. Not only does this architecture relieve bandwidth congestion, but it also hints at the larger issue of information being



sought or presented, and information about information: metadata. There are stored pictures in the archive libraries (actually on the
volumes in the libraries), and there is information about these pictures available to the Archive Library Server.

This architecture could also be thought of as the organization structure for objective information, such as the object of a
search is a particular image, and subjective information, where the subject of a search is the kind of image, or class instance perhaps.
This idea will be explored further in the section on Image Characterization.

The flexibility of modular and scalable component design also provides performance advantages. An instance of a library
server may have n archive managers, which may each have n AVLs attached which in turn, may each have n media per AVL. The
ALS is a central routing controller and administrative component for all information flows into and out of diminutive resources.
Requests for resources are first directed to the ALS, whether these are retrieval or write requests. The system can be scaled at the
resource of greatest demand. This type of architecture also insures that the state of progressive, dominion resources (i.e., AMs, AVLs,
and Volumes) are known to the system at large, while avoiding traffic bottlenecks of a single, object information transfer interfaces.
Redundant resources, such as storage sites, can be chosen on the basis of utilization. The ALS controls subject information though the
archive, object information is directed to (or from) the storage resource and not through the ALS. The ALS can maintain routing while
resource scheduling can be accomplished closer to the utilized component. This design not only frees the centralized ALS from large
volume transfers associated with large volume files such as images, but also from having to compute availability and utilization of
subsequent resources. The ALS can then perform higher level functions such as simply responding to availability advisories and
requests.

This advantage could also apply to more traditional data base transactions wherein high-frequency requests approach the size
of the requested information. In such a case, more sophisticated queueing is required to ensure a more consistent data stream, I (Figure
1). The advantages of other distributed components, Archive Managers and Automated Volume Libraries, comes into play as load
increases and more components brought on-line, or utilization is redistributed. The ALS checks and passes requests and receives
updates from AMs. The Archive Managers acknowledge requests and transfer archive information (I). Archive Managers also have
the capability to report, advertise, and maintain status. A query could find its way to one or more AMs, or a Manager may broadcast or
advertise its particular holdings and availability. Thus, the ALS, of which there are few in a system relative to media: s[n] << v[n], is
the destination for system queries that will subsequently be directed to one or more AMs.

A. Distributed Peripheral Networks

Another important aspect of the DIA architecture is its ability to act as a distributed peripheral network (DPN). A DPN is a
rather new phenomena in modern information systems, though its precursors have been around for some time. A DPN is simply a type
of network, where the DPN, as a whole, functions as a peripheral node, device, or a subnet, to another system. For example, this has
been seen as networks of remote printers. However, the printers themselves do not usually constitute a network or a collective node,
rather they are viewed as elements of a larger network composed of other devices as well. Yet when all remote printers on a network
are viewed as a group of connected devices, informed by a central print server, this might be considered a DPN, independent of other
devices that may share the same network. The advantage of looking at peripherals in this manner is that they can then be viewed as
having unique requirements for network services rather than relying on redundant services provided by "higher order" devices. Due to
the minimal nature of these network requirements, this has not usually been an issue. Yet, very large capacity systems such as terabyte
optical disk archives or large scale RAID systems significantly change the nature of these operational needs, and may drive many
network requirements. The DPN network needs are similar to other network service requirements: switching, routing, channel
capacity requirements, node delays, network delays, servers, and clients. In the DPN view, these operations and services are within the
domain of the DPN, expressed in such elements as the ALS and the AM. The peripheral elements, and their associated responsibilities,
ultimately determine DIA services. Component operations define performance.

B. The Image Network

The DIA can now be viewed both as a true network in its own right, and as a subnet of a larger network if necessary. In either
case, there are certain functions or responsibilities that the system as a whole needs to address. These include: interfaces with external
systems, routing and control of requests for services, searches, transfer of information, scheduling and utilization of resources, and
maintenance of file data (e.g., location, size, dates). While many of these operations, could be provided from outside the DIA, they are
now, conceptually at least, within the DPN as a result of the distributed network architecture, and hopefully more efficiently.

One of the more important concepts presented by this view is that the physical location and structure of a Distributed Image
Archive as an Image Network, is independent of its logical structure. Not only can a network be geographically dispersed, it may also
change configuration and constituents over time. By adopting certain operational procedures, developed during simulation modeling
of large scale DIA implementations, further advantage of networked component responsibility is achieved. For example, it is not
necessary for every element in the network to be completely cognizant of all other elements, much less the object holdings of all other



elements. Model simulations show this approach tends to burden the system with a great deal of overhead traffic and prototypes
demonstrate greater code complexity. However, by employing network concepts, we can take advantage of network functionality such
as broadcasting and distributed responsibilities. The ALS, for example, can broadcast a request for a certain record based on a
common Archive Manager search criteria. Only the appropriate AM fulfilling the criteria would need to respond. From the other
direction, the Archive Library Server might maintain a schedule of availability or other criteria broadcast from AMs in its domain, The
Library Server, in turn, makes this information available as network information for other ALSs.

From outside the DIA network there is no knowledge necessary of where a record is located. While networking concepts and
principles are applied to this architecture, the predominant characteristic of this system is that of an image network. The next section
will discuss some of the properties of images relative to the Distributed Image Archive.

II. IMAGE CHARACTERIZATION

A. Image Index Information

Image databases, or archives, are characterized differently than databases of strictly text or alphanumeric ASCII data. As
mentioned earlier, the information coming and going within an image archive may be viewed as falling into two main categories: the
object information (which is static and morphologically constant), and subject information (which may be considered transient and
amorphous). That is, 1. the static object in the archive, whether this object is stored or to be stored information, and 2. the transient
considerations concerning the object: data or information about the object. While we perceive something as being stored, that record
does have a definite informational morphology including a name, or symbol. This name may sometimes be called a variable to
differentiate it from a specific memory location, and when referencing a group or class of objects. True to its name, the variable
reference may change value depending on a transient need or utilization relative to available objects at various memory addresses.
Images, as database elements, are certainly abstract when compared to other types of database elements. Therefore it is logical that the
more abstract and complex the stored object, the more transient and amorphous the symbolic representation.

An interesting aspect of these transient information types (information about images) is that they may come to represent a
new form of the original record. The analogy of this in computer systems generally is that of domain and object or object and object
instance. For example, a compressed version of the original record, or a version of a multispectral record with a particular spectra
removed. Thus, this transient information may be a completely new version of the original, or a record of a process carried out on the
original static record.

Transient information, in this sense, may be utilized as an image archive index. However, a particular image index may be
more or less undifferentiated from any other image index. This is particularly apparent when a user has no idea what images may be
stored in a given database, yet the user wants to retrieve a certain type of image. Consider, for example, images indexed by spectral
content alone. Whether these are family snap shots or satellite imagery, the concept of a spectral image index is rather amorphous and
ambiguous when considered by a generalized requestor. At the application level, with only such an index available, subsequent
requests, searches, and indexing efforts would tend to generate significant DIA traffic flows in an attempt to understand the content of
an archive. Normally, of course we might expect to see these two groups of images indexed separately, i.e., family snap shots separate
from the satellite imagery. Yet a large scale, distributed image archive, by definition would not separate classes. Under what guide
lines are hydrology images separated from geology imagery? Furthermore, ground level images might appear as part of an
environmental resource study along with satellite images, thus an index would not necessarily be based on orthogonality. How then,
should imagery be archived and indexed? What are the fundamental principles that actually form a basis for distinguishing images,
describing, and cataloging them. A rule-based index could be established for any particular collection of images, and the rule set
becomes the search table. However, as suggested this can be limiting and immediately leads to questions about implementation and
performance, e.g. is the architecture of the system more efficient if all satellite images are stored on one optical disk platter (or AVL)
and all ground images on another? To pursue this example a bit further, suppose the images were separated by altitude. That is, all
high altitude images would be separated from ground level images. This seems reasonable. What about oblique aerial images? Where
is the cut-off point in altitude? How high is "high" altitude. Does a snap-shot from a scenic mountain overlook constitute an oblique,
high altitude image? All these questions can and have been answered de facto, yet as an indexing problem, and a storage problem for
the outsider looking into this enormous archive, these are exactly the kinds of questions posed. Must all users learn the definitions of
altitude before consulting a remote sensing archive. Where are these definitions, and who maintains them in parallel to an ever
changing archive? What are the rules?

The search engine going out into these networked, large scale archives doesn’t necessarily know where to start, and the
indexing of an image per se is not obvious, particularly as volumes increase. Even the task of requesting likely candidates for retrieval
can be resource consuming if the images are large, or if there are a number of candidates. If the index is non-existent, the task of
retrieval and parsing images is a problematic archive management and resource issue.



Two major problems emerge from these questions: 1) what sort of vocabulary can be used for describing, indexing and
databasing images, and 2) what are the performance trades in these image archive systems? The rest of this paper will attempt to
address these questions.

B. Conditions

The strategies and requirements for designing large scale databases of images may be grouped as follows: (1) present a
logical architecture which will allow practical archive exploration of large, distributed environments; (2) provide capacity to
efficiently handle both information request (channel capacity) and information storage (archive capacity); and (3) develop concepts
about the language of complex and volumetric symbolic information, i.e. images, to enable the archive, retrieval, and utilization of
these resources.

The first two problems are more direct and bounded, and a good portion of this paper concerns them. However, issues raised
by the third requirement are far reaching in scope; and while the requirement is independent of implementation, it will certainly affect
implementation solutions, and to some extent enable solutions.

In an attempt to construct symbolic information concepts, some definitions are offered regarding a description of images and
an image syntax. The first of these definitions are (1) events, E and (2) conditions, K. Events may be thought of as occurrences in
nature, bounded only by a natural, current description, often an occurrence which is measured in some manner, such as sunrise or
travel between two points on the earth’s surface. Events might also be viewed as static: a piece of paper, a road, a bridge, or a
mountain. Events may also be perceived as neither static nor continuous: a forest, an ocean, a planet. Conditions are specific
information domains, elements, measurements, descriptions of events which provide the material information pertaining to an event,
e.g., when did the sun rise, what is the distance between two selected points on the earth’s surface, what is the spectral distribution of
the forest. Conditions are subsequently represented as a collection of symbols, S which form a record, R.. Symbolic records are
representative of event conditions. Events are known only by their symbolic representation, the collection of these symbols: the
record. Events can never be completely represented as this would imply two copies of the same event at the same time in the same
place. Records are always incomplete and representative.

The Spatial Data Transfer Standard (SDTS) [2] has been developed by a number of contributing agencies and the US
Geological Survey over the last several years to address this problem of organizing data sets for complex events. The standard
includes data constructs for vector, raster, and ASCII data types for large, complex imagery and ancillary data. The SDTS concept
model defines three major elements: a model of spatial phenomena, a model of object used to represent phenomena, and a model of
spatial feature that defines the relationship between objects and phenomena. This standard provides a formalized approach to
information archiving. The subsequent discussion will explore ways to use such approaches.

Borrowing from Shannon’s work in communication theory [5], which has more recently evolved into information theory, a
stochastic view of archive records as information events may prove useful. For example, of all the possible records that may exist in
an event system, the conditional content, H, or storing set of event conditions is,

where p is the probability of any individual condition choice (and m = positive constant) such that p is a probability of a
transient condition element of the event space of an event, E, which is a collection of conditions, K. In the case of an image archive,
the image, as a symbolic representation of event conditions, is described by the record, or is the record (image compression is a good
example of two records of the same set of conditions expressed with two different sets of symbols). Equation 1 may also be applied at
the symbol level as well for use as the beginning of an index specification. For example, a particular subset of symbols, Sn, may act as
an index for a set of records, Rn, where Sn, as a set, has a definition such that the set of records, Rn, contains some or all of the
elements of the set Sn, Another symbol set, Sm, may index another group of records, Rm. The probability distributions are then the first
steps of the indexing function for the image database since the symbol probabilities should represent similar conditions and thus
related events. The records will distribute relative to their conditional relatedness. The probability of requesting records may be
viewed in terms of index probabilities rather than the records themselves because the index is a component of the record and not an
artificial relationship developed for the purpose of archiving. The semantic relationships of image content are implicit.



The utility of such a description is consistency, and to some extent its independence of anything other than the choice of
symbol sets and the content of archived images. This approach opens the way for investigation for both semantic rules for image
symbols and the syntactic rules of indexing symbol sets and set membership. The key is the availability of condition symbol sets,
which, as in evolutionary language constructs describing an event, should be infinite. Yet a particular condition, viewed as a symbol
set, SKn, becomes a finite record semantic.

As new images are added to an archive, and as resident images are searched, and re-indexed, probabilities redistribute and so
does the resultant image grammar, or syntax. As long as set population changes, a real image language will emerge if each new set is
consistently realized.

This approach is also convenient for such practical activities as tracking the utilization of a system over time and arranging
resources accordingly. Such metrics become vital when systems begin autonomously trading resources (see Section IV).

C. Implementation of Symbol Sets

The relationship between symbol sets and records points to a few interesting directions one might take to structure records in
a system. For example, as the probability that any record would be requested in the system increase, we can propose a randomly
organized system that would tend to distribute all information evenly throughout the system. On the other hand, as H increases for
particular values of K, we may want to balance the probability requests to the appropriate performing resource in the system. While
semantically indexed probabilities may seem obvious, in a large scale system, there are usually two conflicting performance objectives
at work that make such a system complex to implement. One objective is to optimize searches and retrievals and the other is to archive
as efficiently as possible with minimal concern about retrieval performance [6]. Only by understanding system dynamics as well as
purpose, can efficient and operationally useful systems be developed.

The static and transient symbol sets of a record differ initially by size. Image data is generally many orders of magnitude
larger than queries, attributes, or descriptor files. However, consider the image of a well-known historical painting, and then consider
all that has ever been written and discussed about that painting in various media over the years. If this information is indexed to the
image data and fully cross referenced, the network frequencies generated by such transient data could present serious communications
challenges for any single image. If all this transient information, or a significant percentage were accessed, one might be presented
with long lists of topics, each having its own reference tree attached, or the requestor may become trapped in an endless search tree of
very deep hypertext, at times, self-referential with circular logic. The way to avoid this problem is to reference the image quickly, and
communicate the image K-set while minimizing SK. Taking advantage of the difference between the two types of symbol set
information, SKs (static) and SKt (transient), is central to the efficient operation of an image based archive subsystem. The separation of
pathways, mention earlier, for static and transient information provides less contentious data channels. In such an approach, indexes,
higher frequency message transactions, requests, advertisements, and acknowledgments are non-interfering with high volume transfers
of images themselves, or symbol sets that pass a particular system-defined, image threshold. The separation of a central Archive
(Library) Server from the resource hosts, the Archive Managers, provides the necessary abstraction to serve various request types. The
use of conditions to classify a logical instance of an archive or a volume record, provides for a continuous representation of records
from the static to the transient. A condition can be assigned to an archive resource based on a rule set for that system. The resource can
be any element of the system from media to communications channel. The condition can even be mapped from one system to another
where resource assignment can be made. For example, a series of audio or textual static files from a CD-ROM may be translated to a
large scale archive as a transient query. In fact, a static image from one archive may represent a transient query to another archive. In
this case a static information condition would be mapped as a transient condition of the target system. As one moves outward from the
storage resource to the resource servers, the transient information may become less abstract from a user point of view and more
abstract from the record view.

This approach also avoids the distinction, in terms of flow, between information to be archived or information to be retrieved,
since both cases utilize similar system resources. Consequently, there is easier identification of necessary system operational
parameters and necessary resources to perform a process.

For example, transient information would utilize a separate channel when the ALS searches for an appropriate AM
controlling an appropriate AVL servicing a required media. Or, an AM might use a messaging channel to advertise to an ALS its
current transient status based on certain condition sets. This information would be available at a more abstract system level for query
or visit by an automated search agent. Once the necessary resources are identified for action, information transfer channels are
established to conduct the static information. The appropriate resource would announce its intentions to the ALS as well as the
requestor.

The question remains as to efficient way of generating symbol set indexes. While the conditional symbol sets provide a
common syntax for this distributed network conversation, it is not yet clear that all applications of large image databases would



benefit practically from this approach. A rule based index of images, 1: 24,000 mapping imagery, for example, may be indexed by
geo-spatial co-ordinates, yet it would be impossible to search this imagery for certain water body formations using that index. Yet the
generation of the required symbol set of event conditions for such a search could be accomplished if the images were archived in a
structured manner [7] and sufficient resources were available.

III. PERFORMANCE

As archives are developed and networked, their success in providing for information utilization will be entirely dependent on
the ability to move freely and deeply among the various resources. Looking through the archives of remote sensing images, in search
of significant images of natural water and ice structures, all images of other planetary systems are ignored, a great body of knowledge
falls to the wayside.

To help in understanding the implications of data flows through such grandiose structures, a methodology has been
developed over the past three years to allow the construction of large scale simulation models to explore various constructs of these
distributed archives [8]. This approach is not only cost effective, but also has provided insights into some of the controlling factors of
these large scale systems. Appendix A discusses the modeling technique briefly while Appendix B describes some of the performance
evaluations derived from the simulation modeling effort.

A. Intent

Intent is the benchmark of system performance. There can be many variables and contributors to information flow, yet intent
is the key requirement a system must fulfill. Intent may be expressed as a collection of event conditions, or conditions represented by
symbol sets. Conditions reveal intent. Thus the ability of a system to handle conditions is its ability to express intent. If a system
cannot properly manipulate symbols as defined by the event conditions and requested by the system user, then the system does not
properly represent the event and, in fact, is distorting the event representation proportional to the distortion of the symbol set. This
includes such mundane distortions as providing only partial responses to a request, or no response.

As construction of systems models proceeds, it becomes apparent that the performance of archives utilizing search conditions
and archive organization is, at a first order, more dependent upon a few fundamental structures such as communications channels,
processing and storage capacity. If these fundamentals are properly understood, then higher order conditions and structures should be
easier to explore, and it is these higher order structures that insure efficiency and competitive success.

Performance of first-order structures are based on relatively simple notions of record conditions such as volume due to record
size, rate of arrivals, service times, and queue sizes. Performance grouping of records into domain data sets, volumes (disks), classes
of archived sets, and individual records to be retrieved, tend to fall more into higher order conditions. System performance parameters
include: channel capacity and bandwidth of interfaces as well as statistical considerations, such as the ability to provide queues of
various sizes and services at various rates. The mapping of conditions in a system of records to determine performance is a mapping
onto performance structures, based on parameters that may be inherent and fixed (e.g., bandwidth capacity) or dynamic and
programmable (e.g., information compression rate). Performance is often expressed as the relationships among these elements.

B. Archive Class Routing

An archive data set is a group of files (one or more), or conditions, which have some class similarities, based on one or more
of the following: content, retrievals, and retention (note: while image content can be treated separately, content is realized through
either retrieval or retention). This division into conditional sets is currently referred to as classing objects, or defining class domains;
classing is an expression of an information condition, and should be so indexed. The archive (set) classing process is of two major
types:

(1) The class set is defined and allocated prior to the archive fact, or dynamically during acquisition, or shortly thereafter. The
current model defaults to the former: set condition membership is defined a priori.
(2) Class definition is arbitrary and more a function of retrieval request intent.

The allocation of set type is the first step of an index and thus defines some conditional parameter of the stored object.
Individual images will, in a large system, distribute over a range of popular to almost unknown set-types. That is, some image file sets
will appear often for storage and retrieval and some will appear rarely. Therefore, resources may be allocated in a manner from likely
to unlikely sets.



In practice, one might want to assign a greater number of storage resource nodes, AMs, drives, or volumes to higher
incidence images in order to insure availability and avoid blocking. The information to accomplish connection to this distributed
assignment is arranged in a routing table (Table 1), which simply directs connection of file types to resources.

A file, record, or conditional request, is routed to an appropriate resource, whether an AM or an ALS. A particular routing
table does not need the final destination, just as the local post office does not need the address of everyone else in the country. A
connection needs to be made to the destination, the appropriate class, and conditional resource, preferably based on the current
resource activity as well as record location.

These requirements lead to the less obvious constructs which determine system performance - the routing methods, or
mapping rules, employed to distribute various sets of information throughout the archival network and the resulting trade-off made to
accomplish this task. As a particular resource is filled with the flow of incoming data, retrievals are competing to optimize flow in the
other direction. Additionally, once the resource is filled, and is indeed a popular sink for record sets, then retrieval contention queues
may form as access is demanded. All of this activity will also be dependent on available channels and search capacities relative to
request demand.

There are any number of well-documented, traditional approaches to routing and server performance, ranging from
first-come-first-serve (FCFS), to round-robin-fixed-quantum (RRFQ), or non-preemptive-priority (NPP), and preemptive-priority (PP)
approaches [9]. In the models developed during this research, variants of these methods were tried and modified for the DIA
architecture. However, the approaches eventually fell into two categories: one tended to optimize for channel capacity by trying to
find the highest capacity, available path to an information node (sink) of interest, while the other approach tended to balance capacity
in the system as a whole by looking at the node, or sink, relative to other system resources. The functional details of the methods are
determined by the structure of the system. The value of a particular approach is determined by system requirements. The former
approach might keep the traffic moving under most circumstance, yet end point resources (AVLs and volumes) would tend not to be
efficiently utilized. The latter approach tended to a more balanced system over time, at the risk of saturating particular channels during
peak usage.

C. Model Performance Criteria

One overall system performance goal is to manipulate system resources to allow for the traffic intensity, p, to approach unity,
where,



and λ= mean arrival rate of file sets to be processed (in either direction), and µ= processing capacity of the resource (for
example, the time to fully process an arrival). A system may experience temporary conditions when p < 1; the model will then predict
buffer (queue) population or resource response time depending on units measured. Additionally, the model can show system and
resource utilization (efficiency) when p > 1. The important questions that the model can address are: will a given architecture function
under the expected load and what are the load margins? What level of resource capacity is required to maintain p --> 1, and over what
period of time?

Referring to the architecture discussed in Section I-A, the model components are represented in the number, type, and
configuration of nodes, such as AVL and AM, required to service various profiles of information. Each element of a system or
subsystem will have its own p, while the cascade of each performance factor through the system will yield an overall system
performance factor.

The design processing capacity, or the system throughput capacity would be factored by pm[i] and pa[i], as well as p v[i], such
that the overall system performance would be,

Note: This assumes that the λ[i] values are design values of a particular component rather than independent arrival rates.
Also, in practice it would be very difficult to evaluate an entire system in this manner, since a particular information processing path is
dynamic. Thus, simulation models become an important tool in viewing the scaled system.

The units and resources discussed here are assigned according to Table 2 with appropriate resources indexed. Table 2 outlines
the resources and units appropriate to the architecture. The Library Server, s[i], has not been included in the formula, Equation (3),
since we are only looking at the information transfer path through the Archive Manager which includes a cost for control messages
from s[i]. Any set of units can be viewed in this model as long as they are consistent.

Other questions posed to the simulation model might include: what methods should be applied (i.e. routing algorithms) to
efficiently utilize resources? That is, how do we approach p = I without exceeding resource budgets? In order to answer this, one must
have a pretty clear understanding of processing capacity of resources and component performance under various conditions.
Resources are evaluated in terms of utilization, throughput, response, and service time. After construction of a prototype Distributed
Image Archive configuration and development of a network configuration, measures were developed to investigate the performance of
various aspects of the system model in order to arrive at resource values. Example performance measures for system components are
discussed in Appendix B.



D. Model Performance

As stated earlier, there are two contradictory approaches for pure, large scale archives: archive for retrieval and archive for
retention. If a system is being designed primarily for archive storage with minimal retrieval, then the optimizations are toward end
point routing, or connection oriented networks with infinite channel capacity and infinite information sinks. On the other hand, if one
is designing for non-blocking retrieval, then wide and repetitive distribution of information with optimized switching and multiple
versions and copies per site, become the objectives. Connectionless, packet networks tend to be more efficient in serving these
distributed requests, because once the request is presented to the network, the network resources can optimize the data transfers
without dedicating fixed circuits to unknown quantities.

Because most systems tend to do both, archive and retrieve, the practical design goal is to trade-off the two approaches while
optimizing for a particular application. The problem is that archive resource designs tend to optimize information retention while users
tend to inefficiently retrieve stored information. Assuming that information is accessible, the task is to arrange it in a system such that
the conditional integrity and intent are maintained: the intended archive condition is the measure of usefulness. The value of
simulation modeling in this regard can quickly be appreciated, particularly in systems that might represent terabytes of information
where it would be impossible to know all information conditions as the systems evolved.

A Hierarchical Storage Model (HSM) premise is that practical archive information should be organized in a manner such that
it can be retrieved efficiently. The information in these types of systems is migrated to system boundaries as information utilization
decreases until, in some cases, information may be deleted from the system. If, as often happens, some information which is regularly
retrieved is also conditionally associated with a set of information that is being moved out of retention, the retention set is no longer
conditionally homogenous and the system is faced with a problem of intersecting sets which the HSM indicates should be discrete.
This is an inherent problem with leveled, hierarchical systems, with operationally defined records, indexes, and metadata, wherein
design efficiency imposes strict association rules for records. Practically, conditional compromise is more the norm.

Our model simulations indicate that in some scenarios, hierarchical archives are very inefficient (6). This was particularly
true when distributed networking occurs, and requests were modeled as more random or random clustered rather than exponentially
decaying for a given record set. The reason for looking at these other scenarios is that distributed systems imply some level of
distributed access patterns, while the traditional, exponentially decaying request scenario, the basis for the hierarchical storage model,
was developed on the basis of a corporate model of business record utilization patterns wherein recent records are accessed more
frequently than older records. Whether this is applicable to all records, particular images, is questionable. The optional solution to the
large scale, highly distributed archive is an architecturally flat system, highly distributed, with market forces determining resources
and operation criteria. The concept of distributed records alone begs the question of hierarchy.

By examining the simulation model modes of operation under various scenarios, and then carefully reviewing the results in
terms of the performance functions, a great deal of insight can be gained for optimal architectures without having to construct large,
expensive systems. This is particularly true for the various applications with differing implementation requirements which might be
found under the current umbrella of remote sensing and geographical information systems. For example, when does an image
transition from a remote sensing archive to a geographical information system archive, logically and physically?

IV. SYSTEM ECONOMIES

How then does one control the boundaries of an archive? If the HSM is inadequate to support such wide, large imaging
systems, and adding redundant capacity is costly, how can such systems operate and maintain ever-growing demands for service?
What capacities are cost justified and what services may be extraneous? The answer lies in market driven architectures which engage
in commerce over the network infrastructure. Before briefly discussing this approach, we will look at some of the attributes of the
archive application of Remote Sensing Imagery.

A. Remote Sensing Imagery

This class of imagery actually covers a wide variety of subjects and applications. The images of interest here are primarily
visible color, multispectral, including color infrared, gray scale visible, and gray scale infrared represented as digital words in the 8-12
bit range.

One interesting aspect of this imagery different from traditional image concepts is the characterization of a continuous picture
from an airborne or orbiting platform. These digital images, formed by a push broom type acquisition system, which includes a linear
detector, sweeps across a target area in a continuous manner or overlapping frames of area images. The breakup into individual images
occurs much later in a process and is, in a sense, arbitrary at the time of capture, or at least based on the intent of subsequent use. This
raises interesting questions from an archive viewpoint as to the optimal storage configuration of such imagery since intent may vary



from one user to the next. This issue is being addressed in current research with the application of image formatting and data
organization studies that begin at the sensor’s analog-to-digital converter and proceed through to archive storage. Additional work is
underway exploring low-resolution search parameters, scripting, and journaling of image use.

A second characteristic that makes these images intriguing is their multispectral or multiband representation. This aspect of
the records emphasizes the fact that multiple images can be recovered from a component group of bands, composing a kind of
superimage. Each band represents a certain spectral channel of acquired information: conditions of the orbital event and event
phenomenological observations. These conditions can be combined in endless permutations of bandwidth and signal, representing
spectral mapping of various phenomena. With the advent of fast maturing and commercial photometric information platforms and the
calibration of acquisition systems such as the NASA Airborne Visible Infrared Imaging Spectrometer, the available, qualitative data is
both comprehensive and prodigious in scope, further expanding imagery use and consequently archive access requirements. Access,
search and retrieval parameters will evolve significantly under these conditions.

Thirdly, the volume of this aggregate information is quite overwhelming to all but the most extreme designs of information
handling systems. High-resolution collection systems can generate hundreds of gigabytes of information in a few hours. Multiple
systems or multisensor systems simply compound the onslaught. Most current design implementations cull through the "raw"
information stream as it arrives and distill a subset of organized, corrected, and annotated data for use and exploitation. Even so, the
volume available is such that much information is discarded almost as soon as it appears. The maintenance of these archives presents
an ever growing challenge as digital data becomes the norm for source imagery, which must be archived as part of the work flow
process for such operations as mapping in the National Aerial Photographic Program (NAPP).

We are currently evaluating a digital remote sensing test application in model simulation and prototypical network operations
consisting of two archives: an Urban Heat Loss study involving gray scale infrared imagery and an Adirondacks Lake Water Quality
study that includes multispectral imagery.

B. Cost Metrics

A critical parameter that often determines whether a modern system will work or not, is cost. The cost of building and
running a system is always a factor of its overall performance, whether the cost is expressed in dollars or cpu cycles. The problem here
is to fairly assign cost to a system, or rather to value the components and operations of a system. The solution to determination of
system cost is to understand the economic perspective of the model at work as a reflection, or facet, of the performance model.

Cost may be associated with performance such as bytes-per-second and cpu cycles such that there is a cost-per-byte or
process. An optical disk contains x number of bytes capacity and costs y dollars per disk. A host system has a processing capacity of z
operations per second and costs y dollars. The first sections of this paper were devoted to establishing means and methods for
constructing and analyzing performance of a large scale image archive. For an economic view of the system model, we will borrow
the concept of supply and demand and market trades and apply these to the simulation model. By valuation of model components, cost
for resources and processes in a system can be observed. The primary assumption, however, is that cost is dynamic.

Since resource and process demands change from time to time given the distributed aspect and scale of the systems, it would
be difficult to size such a system as a static entity with given costs for certain components that are thought to have a certain value at a
particular point in time. Suppose, for example we developed a very cost-effective archive whose data records suddenly became
interesting and require repeated access. Systems should probably not be designed for archive with the assumption that retrieval will be
a later concern.

In a simplified view, these systems could be valued in terms of capacity, or the system’s ability to process information.
Returning to Equation 2, for example, a system component value function would be,

where p is a system component value expressed as a performance demand parameter. The integration of a component value
would represent its value with respect to time and would thus represent the demand changes of a cost-to-process information. This
may sound vaguely familiar as the market demand function. If these valuation methods are established, then the system has the basis
for resource trading.



Because of such large scale, the perceived homogeneity, and distribution of information in a market environment, these
archives will be unpredictable, dynamic, and evolving in their operation. Yet this same market, because of these characteristics, could
well deal in the opportunistic fulfillment of customer intent, using system traded resources to provide the symbol set representations of
event conditions, or archive records.

C. Network Auctions

A resource bartering and auctioning process for the purpose of efficiently routing and distributing information commodities
would thus be enabled by system valuation methods. Information itself could be the measure of exchange with exchange tokens
representing its perceived value. The need is to develop a methodology for trading resources and standard measures of interchange
(money) among systems in a network. For more precision and detail, a set of credits might exist for each resource, representing its
individual performance capacity. Not only could the credit rating of a resource then represent comparative status, the credits
themselves might also be exchanged or auctioned for available information or services.

This valuation and measured interchange would need to determine two parameters: (1) the relative cost of a system resource
evaluated as it operates, and (2) the relative value of this resource in the system network. This approach serves the dual purpose of
deregulating the design such that it may truly operate in a broadly distributed environment, and secondly, this approach provides a
systemwide metric for information interchange.

For remote sensing imagery, this may be the only method for fully realizing the resource these records truly provide. It is
doubtful that a single archive would be able to contain, much less organize, the projected growth of information volume. Our
preliminary studies [7] alone indicate that to make remote sensing imagery useful in a digital archive requires approximately a
doubling of the basic image size. Duplicate images and versions of imagery will most likely be maintained throughout the network to
ensure access and to be responsive to various operational needs. The opportunity to shop for the appropriate image, at the right price,
is an assumption that should guide design and implementation strategies for these archives.

Allowing for a free market approach relieves the system of imposed structures to control the flow of information among the
resources. While there may still have to be certain rules of operation, rigid control structures can be focused as cost and value
structures instead, since accessed information would be controlled by value rather than technology.

In a flow balanced system, p (from Equation 2) should be equivalent to the normalized average of other performance
measures such as utilization (Equation 5) and efficiency (Equation 3). Such a free market system is not only balanced in performance
but also in terms of credits and debits, and can open for business based on cost and capital (i.e., images). However, when p exceeds the
average performance measure, the system may be in debt, or if p is consistently well below the average measure, then the system may
be over-designed - or available for component-process capability auction. In practice, it is necessary to look deeper at the individual
resources to ensure that one or more are not being saturated while the effect is lost in the average. Over time, this condition would
become apparent as p would begin to reflect abnormal flow.

Such time and scale dependent situations reinforce the need for large-scale simulation models. Many performance effects
may not be apparent on smaller, prototype systems, or over short run times. Or, it may be good business to explore optional market
conditions with minimal exposure.

For more precision and detail, a set of credits might exist for each resource, representing its individual performance capacity.
Not only could the credit rating of a resource then represent comparative status, the credits themselves might also be exchanged or
auctioned for available information or services.

V. CONCLUSION

Building simulation models for large image systems is a requirement grown from scale and cost. Simulated manipulation of
these data volumes provides insight and design directions for the systems to come. Hopefully, such capability will provide us easy and
useful access to the information onslaught we are on the verge of receiving.

Development of an information systems language is at least as important as the development of a hardware and software
architecture. This paper has only briefly touched on this subject.

The application of system level metrics can be then employed not only to verify that the model itself operates, but that the
model also validates observed behavior of image information systems.



Finally, once these tasks are underway, extensions of the same tools, models, and metrics, can be used as building blocks for
an advanced, automated, marketbased system that should begin to shape in response to both demand and performance.

Appendix A

Data Network Modeling (DNM) is a methodology developed at Kodak Research Labs to allow design and investigation of
complex systems under simulated operational conditions. Data Networks are viewed under this methodology as any set of hardware
and software components that move data from one component to another under user control. Models are built from generic
components which acquire, process, store and retrieve data. Application specific software components control and track the flow of
information. The underlying tool set is a commercial computer simulation tool package, which runs on a number of workstation class
platforms. The simulations are also run on these workstations and generate a wide variety of output reports.

Appendix B

An essential quality of any system is its efficiency, or utilization over time to achieve an objective. A useful measure viewed
in the current model is the amount of time AVL drives are in use relative to the amount of time the AVL is used but not available for
read-write, because of disk swapping. The AVL is a large juke box arrangement of disk silos holding 25 to 100 or more platters, a
robotic handling mechanism, and a limited number of read-write drives. The current AVL simulation employs two drives. If a platter,
or volume, must be exchanged for another by the robotic handling mechanism, in order to access a record, then the efficiency of the
AVL as a whole, will degrade. Thus, efficiency:

Another measure that closely follows efficiency is the average number of drives in the system that are in use for swapping at
any time. The swap_in_effect value is an indication of how well a particular routing or load balancing algorithm may be working in
the write mode, or it might indicate that there are retrieval requests on various volumes which have not been, or could not be, well
organized. Disk Swapping is:

Swap-in-effect is a good measure of file system structure relative to application.

From these two measures, utilization of system drive resources can be derived as a percentage of drives being utilized for
tasks other than disk swapping (i.e. reading writing, and verification). Then, drive utilization:

these measures are useful in trading system capabilities against overall application requirements and system configuration.
Utilization expressed this way must be viewed in terms of unit arrival rate, however. A system with many requests, and servicing all
of them, may have a lower utilization than a system with a few, high density requests. On the other hand, low utilization value s in
parts of a large, distributed system may indicate bad routing or more fundamentally, poor mapping of information conditions to
resource structures. In fact, it has been observed in operational, multiple AVL systems, that a low Ud resulted in user request time-
outs. Yet, without knowing that the problem was utilization as defined here, the first attempted solution (which failed in practice), was
to simply add capacity, or drives. This solution doesn’t help much if the record sought is on a media being used by another drive. This
is a problem of mapping archives for retrieval.



By examining the modes of operation under various scenarios and then carefully reviewing the results in terms of the
performance functions, a great deal of insight can be gained for optimal architectures without having to construct large expensive
systems or run them for a long time. This is particularly true for the various applications which may utilize such a system with
differing implementation requirements, while certain performance principles should remain consistent.
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The EOSDIS Core System Collaborative Prototyping Program
Timothy Gubbels, Jeff Masek, Paula Hagan, and Joy Colucci

INTRODUCTION

NASA’s Earth Observing System (EOS) is comprised of three distinct elements: a series of earth observing satellites, a
scientific research program, and a data and information system. The data and information system, known as EOSDIS, is in turn
comprised of: EDOS - the signal downlink/receiving infrastructure, EBNET - the internal communications infrastructure, and the
EOSDIS Core System (ECS). ECS represents the major infrastructure of EOSDIS, and includes segments dedicated to science data
processing and distribution, flight operations, and communications and system management. To the user, the ECS client will be the
point of entry to EOSDIS, providing a single logical view of the distributed holdings within the system. Thus, the system will appear
to the user as a single distributed digital library.

The Collaborative Prototyping program provides opportunities for members of the science community to participate in
development of the EOSDIS Core System (ECS) and aid in discipline-specific and cross-disciplinary enhancements. Proposals for
innovative approaches to earth science information systems are solicited from the science community, and successful projects are
funded through ECS. The input received from the science community as a result of collaborative prototyping efforts influences the
design evolution and the engineering of specific components of ECS. Collaborative prototypes address issues of particular concern to
the science user community. Examples are:

• how well will the system serve the user community?
• how will the system interact with other users, clients, and service providers?
• can additional tools be developed to enhance system capabilities?

While most internal prototyping seeks to address near-term, engineering issues, collaborative prototyping seeks the
development and integration of new technologies into ECS over a much longer timescale (months to years).

EXISTING COLLABORATIVE PROTOTYPES

1. Alexandria Digital Library as a Value-Added Provider.

A major goal of ECS is the development of an extensible system, such that alternative clients and providers can "plug-in",
either to make data available to ECS users, or provide an alternative interface for accessing ECS data collections. These "value-added"
providers will substantially augment the value of EOSDIS to the scientific, commercial, and educational communities.

The Alexandria Digital Library (ADL) based at UC Santa Barbara is an ideal example of an alternative client. The ADL is
chartered to build a "digital library" of geographic data. To the user, ADL will be an extensive catalog of maps, satellite images, air
photos, and text references, searchable on the WWW by geographic region, place name, or metadata attribute. Access to ECS data
holdings is a natural extension for ADL.

Together with the ADL team, we are exploring issues of interoperability between ECS and ADL. The conclusion of the study
will be a fully functioning WWW prototype, allowing users of ADL to see ECS holdings. Through this project, ECS will gain:

• Insight into any problems or roadblocks that "typical" alternative clients might face.
• Insight into alternative client and data management architectures being implemented by the ADL team.
• Exposure of ECS to a much wider audience via ADL, including members of the educational, commercial, and

consumer sectors.

As an initial step, we are investigating interoperability between EOSDIS V0 IMS and ADL. By translating ADL queries into
ODL files, the ADL system will be able to pass queries to V0 IMS Kernel (IK) servers at each DAAC. In this way, users of ADL will
gain transparent access current EOSDIS data holdings. Future steps will result in detailed interoperability studies for future ECS
releases.

2. University of New, Hampshire Landsat Pathfinder IMS

The Humid Tropical Forest Inventory Project (HTFIP), based at University of New Hampshire, is a NASA Pathfinder Project
dedicated to (1) making Landsat data for the Amazon, Central Africa, and Southeast Asia available to the user community and (2)
analyzing these data to quantify rates of deforestation around the globe. By the end of 1996, the HTFIP will have acquired 2500-3000
Landsat images, and will have digested the metadata for nearly all Landsat and SPOT images.



As part of ECS Collaborative Prototyping, we are working with the UNH Pathfinder group to create a WWW-based
information system to allow users to query this dataset and view browse imagery. By interfacing with ESRI’s Spatial Database Engine
(SDE), our IMS will impliment the full functionality of a GIS. Accordingly, users will be able to exercise a variety of sophisticated
geographic queries, such as the following:

• "Find all Landsat imagery that intersects the polygon I've drawn on my basemap".
• "Find browse images for all cities situated within 20 kin of a river."
• "Find all images from 1994 which are 90% cloud free and which intersect the junction of the following two rivers..."

This prototype allows ECS to explore the value of GIS functionality in the context of a science search tool. Ultimately,
feedback from prototype users will feed into the client development for Release C, leading to more powerful ways to retrieve data.

ESRI's SDE allows applications to implement GIS and database functionality in a client-server architecture. The client
application incorporates calls to the SDE client library, which in turn communicates to the SDE server and Oracle DBMS. To allow
visiblity from the WWW, we will include a Java front-end, developed as a prototype by ESRI. Thus, the Java Server, SDE client, SDE
Server, and Oracle DBMS arL bundled at UNH, while users can query data using a Java-complient WWW browser (e.g. Netscape).

3. University of Alabama, Huntsville: Subsetting Prototype

It is expected that many researchers will not be interested in retrieving entire granules (satellite scenes), which can be large
and geographically extensive, but instead will prefer to retrieve a subset of the granule. This subset could be a smaller geographic
region of interest, a narrow temporal extent, or a subset of available spectral bands. For this reason, the ability to accomplish
subsetting is a major requirement for Release B of ECS.

In collaboration with ECS, University of Alabama, Huntsville is developing a prototype subsetting tool. This working
prototype will allow us to critically examine various subsetting designs, and will feed directly into Release B subsetting development.

The subsetting prototype will be a stand-alone application, which can take any HDF-EOS granule and perform subsetting
operations on it. Since the tool is stand-alone, ECS metadata external to the HDF-EOS file are not required for this service. Thus, the
tool is geared toward being "dataset independent". For this prototype, subsetting will be the only service offered - subaveraging and
subsampling are not within the scope of the current project.

The current top-level design calls for two software components:

• DISC: The Dataset Independent Subsetting Client will be a WWW-based client interface to the subsetting service.
Users will be able to interactively select spatial regions, temporal extents, and parameters of interest for subsetting.

• DISS: The Dataset Independent Subsetting Server will reside on the server-side, taking the user subsetting
specifications from there DISC, and manipulating the granule to accomplish subsetting. In general, the granule of
interest will be transferred from the local Data Server to the DISS, where subsetting will occur. The resulting subset
file, in HDF-EOS format, will then be transferred to the client machine via FTP.

Hughes Research Laboratory: Schema Integration

The decentralized nature of scientific computing represents a special challange for database interoperability. Data sets are
commonly distributed to numerous institutions, where an individual "thread" of processing takes place. One result of this is that each
institution has a unique way of organizing and labelling metadata. For example, one research group may include "SceneID" as a
metadata attribute, while another research group may call the same attribute "Scene_number", and a third group may not archive this
attribute at all.

In order for users to make queries against multiple, heterogeneous databases, these differing metadata models (database
schemas) must be integrated into a common model. Ideally, ECS users should be able to construct a query using attributes from a
single core metadata model, which would then automatically be decomposed into separate queries to local databases, with translation
to the local schemas occurring transparently. In this way, users gain wide access to data sources, while data providers preserve their
autonomy.

Our prototype with Hughes Research Labs (HRL) is designed to address these issues. As part of Son Dao's Hetergeneous
Database Project (HDB) at HRL, Brad Perry has developed KBSIT: a Knowledge-Based Schema Integration Tool. Given a core
metadata model (such as that of ECS), the tool uses a domain-specific rule base to map attributes from local schema to the core model.



In the process, KBSIT creates a "virtual" schema, by progressively generalizing sets of relations. Queries made against the core model
can be relaxed until they map to the relevant local schema, at which point they may be passed to local servers to be executed.

To better evaluate the applicability of KBSIT to ECS, we are using the tool to map EOSDIS V0 metadata to the ECS Core
Metadata model. Results from this pilot study will feed into future releases of ECS.

Oregon State University: Domain Specific Clients

Science domains have specific client interface needs. For example, the atmospheric sciences require 4-d visualization of
multiple atmospheric layers in concert with limb soundings and radiometry, while oceanography requires visualization of ship track
data in concert with ocean color images, buoy data, and temperature-salinity profiles.

Domain specific alternative clients offer a meaningful system enhancement, but raise questions of interoperability,
functionality, and potential user interactions. The EOSDIS Core System design will accommodate and facilitate domain specific
clients. In this prototype, we explore the design and implementation issues associated with developing an oceanography-specific ECS
client.

With OSU, we are developing clients specific to oceanography. Since PC-based COTS tools such as Microsoft Excel,
Access, and Statistics are widely used in commercial, academic, and educational sectors, OSU is basing their client development on
these specific technologies and their metaphors. Additional prototyping is being performed in Java.

Specific applications under development include:

• Client tools adapted to the query of ship tracks from SCIF RDBMS
• ECS query submission based on coincidence with ship tracks
• Development of "Track Wizard" client helper application
• Examination of client interoperability with ECS

Lessons learned from the prototyping effort with the oceanographic community will benefit ECS by enhancing understanding
of domain-specific client interoperability needs, potential user interactions, and system extensibility/adaptability requirements. A
secondary goal is to better understand potential ECS interactions with PC and Microsoft technology.
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ABSTRACT

EOSDIS, the data and information system being developed by NASA to support interdisciplinary earth science research into
the 21st century, will do more than manage and distribute data from EOS-era satellites. It will also promote the exchange of data,
tools, and research results across disciplinary, agency, and national boundaries.

This paper describes the options that data providers will have for interacting with the EOSDIS Core System (ECS), the
infrastructure of EOSDIS. ECS offers a variety of interoperability options to potential external data providers in order to meet the
different needs of this heterogeneous group. Options vary in terms of cost and level of effort required. External data providers
interested in becoming part of the EOSDIS Core System must weigh these against the benefits associated with each option.

The options include: using the ECS advertising service to announce the availability of data at the provider’s site; submitting a
candidate data set to one of the Distributed Active Archive Centers (DAACs); establishing a data server that will make the data
accessible via ECS; and establishing a Local Information Manager (LIM) which would make the data available for multi-site searches.
One additional option is through custom gateway interfaces which would provide access to existing data archives. The gateway, data
server. and LIM options require the implementation of ECS code at the provider site to insure proper protocols. The advertisement and
ingest options require no part of ECS design to reside at the provider site.

2. MTPE AND ECS: OVERVIEW AND PURPOSE

Mission to Planet Earth (MTPE) is a long-term, interdisciplinary NASA mission to study the processes leading to global
change thus aiding the development of predictive capabilities for the evolution of the Earth system on time scales of decades to
centuries. For researchers to accomplish these objectives a readily accessible collection of diverse Earth observations over an extended
period of time is required, The research aims of MTPE involve not just the disciplinary sciences of the atmosphere, oceans,
cryosphere, biosphere, and solid Earth, but also interdisciplinary studies among these often disparate realms.

There are three major components of MTPE:

• the Earth Observing System (EOS) will collect Earth science data, with emphasis on long-term, sustained data sets
from carefully calibrated instruments on satellites in low Earth orbit,

• the EOS Data and Information System (EOSDIS) will provide the Earth science community with easy, affordable,
and reliable access to EOS and other Earth science data, and

• an interdisciplinary scientific research program will investigate processes in the Earth system and use this
information to improve predictive models.

The EOSDIS Core System (ECS) is the major component of the EOSDIS. The ECS will control the EOS spacecraft and
instruments, process data from the EOS instruments, and manage and distribute EOS data products and other selected data sets. The
ECS will provide comprehensive services for accessing Earth science data through bidirectional connectivity with other data systems
maintained by government agencies and the research community. The ECS will be extended by unique capabilities developed at
individual data centers which are tailored to the needs of their user communities.

The primary mission of the ECS is to provide hardware, software and operations to plan, schedule, control, and command the
space elements of the EOS mission, and to receive, process, archive, and manage all data from EOS instruments and their associated
data products. The ECS will also provide the Earth science community with access to all EOS data and other Earth science data held
by the ECS and the data products resulting from research using these data.



3. ECS ARCHITECTURAL CONCEPTS

The three-tier architecture which characterizes the ECS is depicted in Figure 1. The uppermost tier in the figure is the Client
layer, shown containing the client environments which may be either process-oriented (e.g. algorithms) or interactive (e.g. workstation
graphical user interface). The lowermost architectural tier illustrated is the Provider Layer, consisting of entities that elect to provide
services associated with data collections and/or computing resources. An Interoperability Layer lies between these two layers
providing clients with access to the providers,

Figure 1. ECS architecture

The Interoperability Layer is an enhancement of the traditional client-server concept. It manages the interactions between
clients and service providers in a way that enables dynamic system configuration, both in the types of services provided to clients, and
in the location of those services. The Interoperability Layer acts on the clients’ behalf to provide a unified view of physically
distributed and heterogeneous services.

The distributed architecture supports provider sites which are allowed to manage their own resources and processes. The
concept is that autonomously managed sites connect appropriate hardware, production and application software, and user services to
the EOSDIS system. These resources and processes then become part of the ECS web, governed by an appropriate set of overriding
resource management and authority policies.

In Figure 1 the Interoperability Layer is represented as a set of concentric ovals intended to show the distributed nature of the
services it comprises and the fact that a client or provider can connect to any of those services in a transparent fashion. The
connections with the Interoperability Layer indicated by arrows are meant to be only representative of the possibilities. The design
does not preclude a direct connection between the client and it given provider, The Interoperability Layer facilitates the location of
data and services by clients. However, should the location of a specific provider be known by the client, it can be accessed directly
without the need for use of interoperability components.

The ECS interoperability services architecture also defines a set of interoperability rules. They specify functions and
interfaces that all ECS services must provide. They also include a set of optional functions and interfaces that services can elect to
provide, and a standard method by which services define the options they support.

The Interoperability Layer, as illustrated in Figure 1, contains four components, One component, the Advertising Service,
manages information about the services available in the ECS network. The information contained in the advertising service is
normally either supplied directly by the provider or is generated at ingest by a data server (see below). The ECS specifies an interface



and protocol for submitting and maintaining advertisements. The advertising service also provides interfaces for querying this
information directly by clients.

A Distributed Information Manager (DIM) is an Interoperability Layer software component that is capable of executing
requests requiring access to multiple sites. The DIM acts as an agent for the client: after the DIM accepts a distributed query or access
request, it assumes responsibility for its execution and for compilation of the result. DIMs also accept requests to determine data of
coincidence between two or more data sets.

The Data Dictionary contains descriptions, definitions, and synonyms for the terms used within ECS. One function of a Data
Dictionary is to supply definitions of terms based on contexts determined by science disciplines, provider sites, and instruments. The
Data Dictionary is accessible to users as an aid in searching for and locating data and services. It is also used by the system to evaluate
query requests for the purpose of determining routing of the queries to the appropriate server(s) in the system.

A final component of the Interoperability Layer is a Request Brokering service which accepts service requests from ECS
clients and locates appropriate servers. It uses the query interface of the advertising service to match the service requirements
described in the request against available advertisements. It can route the service request, or return the information regarding matching
servers back to the client. The Request Brokering is currently scheduled to be an evolutionary enhancement that will appear in later
releases of the ECS.

The providers in the Provider Layer connect to one or more components of the Interoperability Layer. As illustrated in Figure
1, providers may take different forms and interface to the Interoperability Layer components in different ways.

The most basic type of provider within ECS is a Data Server. A Data Server is a service that is capable of executing data
access., query, and manipulation requests against a collection of data. For example. a provider site might function purely as an ECS
journal data server, providing abstracts and articles to the ECS community. This server might be part of a larger fabric of document
servers that am distributed throughout a number of sites within EOSDIS. An research center might establish a data server for
specialized "research" products that local researchers would like to make available to a portion of the community. Because of the
experimental nature of the products, contributors might want to tightly manage the availability of those products, ensuring, for
example that appropriate information describing the products is delivered with the data itself. Value-added providers might establish
fee-for-service data servers that ensure that appropriate security and accounting procedures are enforced during data access.

A Data Server can interface directly to the Interoperability Layer, or interface with the Interoperability Layer via a Local
Information Manager (LIM). A LIM is a service that is capable of executing requests that require acccss to multiple data servers at. a
single site. LIM services can be requested by a DIM, or directly by a client. The LIM uscs a Local Schema to determine how a request
should be executed. Note that a site may choose to provide several LIMs, perhaps supporting different data access and query
languages. As illustrated in Figure 1, an option available to a non-ECS provider is to configure itself as a ECS Data Server with an
associated LIM.

Within ECS, another class of provider is the Scientific Computing Facility (SCF). An SCF is located at an EOS
investigator’s home institution. SCFs develop and maintain data production algorithms, calibrate EOS instruments, validate data
products and algorithms, generate Special Products, provide data and services to other investigators, and analyze EOS and other data
in pursuit of the MTPE science objectives. SCFs may range from single workstations to large supercomputer data centers. The ECS
will provide software toolkits to the SCFs as well as to other users. These tools will facilitate data access. transformation and
visualization, and assist in algorithm development. Some SCFs will play an operational role in quality control of the EOS Standard
Products.

Each SCF will be provided with a subset of the ECS Data Server, Ingest, and Communications services (collectively called
the Local Data Access Service, orLDAS). The LDAS provides for local management, search, and access to metadata. The primary
purpose of this set of services is to support data production software testing at the SCF and facilitate the importation of metadata into
ECS. All ECS-provided search capabilities will be supported by LDAS Data Servers. As an evolutionary enhancement, additional
Data Server services could be added to LDAS to support storage and distribution of data sets and generation of service advertisements.
Such extensions would enable an SCF to make data available to other ECS users as a value-added service provider within the ECS
environment.

A provider with an existing archive could become part of the ECS through construction of a Interoperability Gateway. A
gateway would provide uni-directional or bi-directional translations between local infrastructure (data model, query and data transfer
protocols) and ECS protocols. ECS is presently implementing gateways to several external systems such as NOAA’s Satellite Active
Archive.



4. SERVICE PROVIDER OPTIONS

Although the title of this paper uses the term "Data Provider," the options being described extend beyond merely supplying
data. Data production algorithms, data access and analysis tools, and even computing resources can all be made accessible via what
we are calling interoperability. The term "Service Provider" encompasses the term "Data Provider" since data can be obtained only
through some service allowing access to that data. Service Providers may be interoperable with ECS in the following ways:

4. 1. Advertise Only

A provider wishing to make only the existence of a service visible to ECS users can elect to supply a description of that data,
algorithm, or application software to the ECS Advertising Service. What is not Possible with this option is access of this service via
ECS Interoperability Layer services (i.e., DIM, Data Dictionary, Trader). For example, content-based searches on data sets or
application of a provider’s subsetting service to a data set accessible through the ECS would not be possible. A user of the advertising
service would be informed only of how to access the advertised service outside of the ECS.

Note that all of the following provider options include a requirement that advertisements be supplied to the advertising
service. The advertising service is the point of reference for a comprehensive listing of available services. The advertising service
provides a capability to inform a user of services outside of ECS and so all services accessible through other ECS Interoperability
Layer services must be listed.

4.2. DAAC Ingest of Data or Algorithms

A provider may propose that a data set or data production algorithm be formally incorporated into the holdings of an
established ECS she such as one of the Distributed Active Archive Centers (DAACs). The policies and procedures required to "ingest"
data or algorithms will vary by DAAC but must conform to specified ECS standards. The must important feature of this option is that
the data or algorithm would undergo peer review and would have to conform to ECS Quality Assurance standards. It is anticipated
that users, especially interdisciplinary users who may not feel confident assessing the quality of data sets from outside their main
discipline, may rely on this official endorsement.

4.3. Implement a Gateway

Using a combination of ECS-supplied software modules and custom code, a site can construct an interoperability gateway.
This gateway will provide bi-directional translations between local infrastructure (data model, query and data transfer protocols) and
ECS protocols. Gateways allow established data centers ("heritage archives") to be accessed by ECS. However the full utilization of
ECS features is often not possible due to differences between ECS and the interoperating system.

For example, the extent to which ECS services such as subsetting can be performed on data visible through an
Interoperability Gateway depends on the degree to which the data attributes (schema) of the foreign system map to the ECS data
schema. Geographical searches will be possible only if the projection used is one that ECS knows and information about the
projection is available as metadata that can be translated into the ECS standard.

4.4. Comply Fully with ECS Protocols

Under special arrangement a non-ECS provider can also install ECS software to effectively become an extension of ECS.
Two types of full compliance are available, depending on the needs of the provider.

Providers may choose to adopt ECS data server software, which is utilized by the ECS Distributed Active Archive Centers
(DAACs) to ensure full compliance with ECS protocols. DAACs will have mission-critical functions such as EOS data ingest and
standard data production. The data server software provides the capability to store and retrieve large volumes of data. Additionally, a
site with multiple servers will want to establish a Local Information Manager (LIM). A LIM would handle queries and access requests
that spanned multiple servers at a single site.

Providers alternately may choose to adopt ECS LDAS software. The LDAS is a subset of the ECS Data Server, Ingest, and
Communicatiom, services, and it is planned to be provided to those wishing to establish one or more servers that will be dircctly
connected to ECS. The LDAS is intended for use with small data collections, and may not have the features of the data server for
management of large data volumes.

Table 1 describes the availability of important features of ECS corresponding to the various provider options. Note that there
is a difference between interoperability of a provider with ECS, and the service provided by the non-ECS, provider meeting ECS



quality standards. An external provider may be fully interoperable with ECS, yet the data produced or the services offered may not
meet ECS QA standards.

5. SUMMARY 

The EOSDIS Core System will provide a wide variety of choices for providers wishing to make data, product generation
algorithms and analysis tools available to the Earth Science community. The information system that results from this open, extensible
and evolvable framework is intended to operate more as a marketplace, and cooperative arena than as a monolithic data production
monopoly.

This paper has attempted to give a provider’s view of ECS without delving into excessive amounts of system detail. Although
the architecture is inherently complex the underlying concepts are relatively simple. Due to constraints of space this paper has omitted
many of the details necessary for a full understanding of the options discussed. In addition, aspects of the design and policies affecting
interoperability are still in the process of being defined. Individuals interested in obtaining a fuller understanding of the ECS are
encouraged to get more information about ECS is via the World Wide Web. ECSInfo (http://ecsinfo.hitc.com) provides current
information on ECS activities and developments. ECSInfo also provides mechanisms for submitting comments and recommendations.

                                                          
 1site-specific searches on metadata are possible if that information is supplied to the advertising service by the provider.
2depends on the degree to which the data attributes (schema) of the foreign system map to the ECS data schema.
3depends on the degree to which the data attributes (schema) of the foreign system map to the ECS data schema.
4depends on the degree to which the data attributes (schema) of the foreign system map to the ECS data schema.
5use of ECS-provided tools in data production or algorithm development facilitates conformance to ECS quality standards
6if hardware at the provider site is using the Distributed Computing Environment (DCE).
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A method of estimation of accumulated precipitation which incorporates numerical model analyses, satellite and surface data
has been developed for use over the portion of the African continent south of 20°N. Estimates of 10-day accumulated precipitation are
made operationally at the Climate Prediction Center (CPC), a component of the National Centers for Environmental Prediction
(NCEP). These data and graphics are archived and disseminated by the U.S. Geological Survey EROS Data Center, to assist in the
United States Agency for International Development (USAID), Famine Early Warning System drought monitoring effort for the
African continent.

An estimate of accumulated convective precipitation is made with the use of cold cloud top duration from METEOSAT 5
Infrared (IR) data, with an optimum fit to rain gauge data. Orographic precipitation from relatively warm cloud sources is estimated
from the use of the orography, numerical model forecasts of wind and relative humidity, and satellite and surface data. These
estimates are combined yielding a resulting estimate of total accumulated precipitation. An evaluation of the estimates will be
presented with an emphasis on the skill of these precipitation analyses as determined by a comparison with independent rain gauge
data.

This paper will describe the products and data available on the CPC World Wide Web (WWW) homepage. Analyses of
10-day estimated accumulated precipitation, and the data files in binary format are made available for public access. Analyses of
surface relative humidity, temperature, and winds from numerical model analyses and surface observations are depicted for the
African continent. Animations of the METEOSAT cloud top temperature data are available for loops of 24 hour and 10 day periods.

The data and graphics are available to the public on the WWW at:
http://nic.fb4.noaa.gov/products/fews/

INTRODUCTION

Ten day estimates of accumulated precipitation for the African continent are made operationally at the Climate Prediction
Center (CPC) for the United States Agency for International Development (USAID) as a part of the Famine Early Warning System
(FEWS). These estimates are archived and disseminated by the United States Geological Survey (USGS) from the Earth Resources
Observation Systems (EROS) Data Center to assist in drought monitoring and crop yield prediction for the African continent.

In order to increase public access to the products and data provided for USAID, the CPC has expanded its homepage on the
World Wide Web (WWW) to include the data and graphics formerly available only from the EROS Data Center.

Due to the less than optimum density of the rain gauge network over the African continent, precipitation can not explicitly be
measured, necessitating the use of a statistical algorithm for precipitation estimation. This algorithm combines the remotely sensed
cloud top temperatures with the surface observations via a least-squares minimization of cost functions, (Thacker, 1988) to obtain an
estimate of accumulated precipitation.

PRECIPITATION ESTIMATES METHODOLOGY

Two principal data types utilized in the computation of the accumulated precipitation estimates are satellite data and surface
observations. METEOSAT 5 Infrared (IR) cloud top temperature data obtained from the European Space Agency Geostationary
Satellite positioned over Africa is the primary data utilized in the estimation process, while surface rain gauge data obtained from the
Global Telecommunication System (GTS) is a secondary data type.

The preparation of the ten day estimates involves a combination of techniques, to include precipitation from both convective
clouds and orographic lifting. Initially, an estimate of the precipitation from convective clouds is obtained from the cold cloud top
duration utilizing the METEOSAT 5 IR data. An estimate of the precipitation obtained from orographic lifting is then computed from
use of orography and the numerical model analyses of wind and relative humidity.



Various algorithms for describing the relationship between accumulated precipitation and cloud coverage have evolved
(Arkin and Ardanuy, 1989). Work done by Richards and Arkin (198 1) using data from the Geostationary Operational Environmental
Satellite (GOES) to refine the relationship between cloud cover and precipitation led to development of the GOES Precipitation Index
(GPI). The GPI algorithm, established for estimation of accumulated precipitation, (Arkin and Meisner, 1987) assumes a linear
relationship between precipitation and duration of cold cloud tops (cloud top temperatures of less than 235°K).

The CPC algorithm processes the IR data in a similar fashion, using cold cloud duration to produce a preliminary estimate.
This preliminary estimate of accumulated precipitation from convective cloud sources is then refined with use of a bias removal which
gives full weight to the GTS rain gauge reports. This estimate is then augmented with an estimate of orographic precipitation from
relatively warm cloud sources. (Herman et al., 1996)

Numerical model analyses of the Global Data Assimilation System (GDAS) wind and relative humidity are utilized for
determination of regions where orographic precipitation is likely. Over regions where the wind advects moist air masses over higher
terrain, condensation occurs, resulting in orographic precipitation. For regions over which relatively warm cloud top temperatures
(235-275°K) are present, the GDAS analyses of humidity and winds and the GTS observations are utilized in the algorithm to make an
estimate of orographic precipitation. This estimate of accumulated orographic precipitation is then combined with that of the
convective precipitation yielding a total estimate of accumulated precipitation.

To further refine the estimates, the GDAS analyses of relative humidity are utilized for determination of areas over which
surface relative humidity is low and precipitation is unlikely to have accumulated. Over these regions of low relative humidity, the
precipitation estimate is reduced to zero. This process is done to attempt to reduce the overestimation of precipitation from cold yet
non-precipitating clouds. The result of these combined procedures yields the final ten day estimate of accumulated precipitation for
the portion of the African continent south of 20’N , as shown in the example of Fig. I

PRODUCTS AVAILABLE ON CPC/USAID/FEWS HOMEPAGE

The CPC homepage disseminated in support of USAID/FEWS provides public access to analyses of surface data, graphics of
cold cloud top temperatures, and the graphics and data for the ten day accumulated precipitation estimates for the African continent.
This home page can be accessed at:

http://nic.fb4.noaa.gov/products/fews/

In addition, this homepage can presently be accessed via links to the USGS EROS Data Center homepage under the African
Data Dissemination Service at:

http://edcintl.cr.usgs.gov/adds/adds.html



and also from the USAID/FEWS homepage at:

http://www.info.usaid.gov/fews/fews.html

Three versions of analyses of the surface temperature are available, the maximum, minimum, and the average temperature
(Fig. 2). These analyses are derived from the GTS daily observations of temperature which are gridded with an interpolation scheme
and are made available each 24 hour period.

Surface relative humidity for the previous day at 0600 Greenwich Mean Time (GMT) is displayed in percent (Fig. 3). Times
expressed in GMT are equivalent to Universal Coordinated Time (UTC). There analyses of surface humidity are prepared using the
GDAS .9950 sigma level analyses valid at 0600 UTC. Here sigma is a vertical coordinate, where the .9950 sigma level in the model
analyses corresponds to the lowest 80 meters of the atmosphere.



In addition, the homepage provides access to surface wind streamlines depicting the surface circulation pattern at 0600 UTC
daily. Regions of low level wind convergence depicted here symbolized with asterisks (Fig. 4), identify regions over which convective
precipitation is likely to occur (given sufficient moisture). These areas of low level convergence where the northeasterly trades
intersect the southwesterly trades over the Sahel region demark the position of the intertropical convergence zone (ITCZ). This
streamline analysis of wind vectors is prepared with the GDAS, the numerical analysis scheme used at the NCEP.

Two formats of the final precipitation estimate for the ten day period are made available on the homepage the 1st, 11th, and
21st day of each month; the graphical image, and the data in 16 bit binary integer format. This data file is compressed to a 140 kbyte
zip file and downloads automatically when selected. Data files available on the home page are the most recent 10-day period only.
Historical data is available from the USGS EROS data center.

Cloud top temperatures obtained from the satellite IR data are displayed in two forms, animated time series in a loop, and one
image frame at a time. These graphics of the IR satellite data depict the cloud top spatial extent and temperature in degrees Kelvin,
and are updated hourly. This IR data can be used for determination of cloud type, since convective clouds have relatively high tops
and cold top temperatures.

From the graphic of cloud top temperature, (Fig. 5), one can infer regions over which strong convection is occurring, and
precipitation is falling. (Note however, that not all cold cloud tops are associated with precipitating clouds.) Animations of these
graphics are available for viewing in 10 day and 24 hour loops of cloud top temperatures. Instructions for obtaining software to
display the animations on personal computers and workstations is included in the accompanying description file.



SUMMARY

In order to provide public access to the products and data provided for the USAID/FEWS project for the African continent,
the CPC has developed a homepage for dissemination of graphics and data. These graphics and data are of utility to environmental
scientists, relief and assistance project administrators, and the general public with an interest in African climate.

The processes involved in producing operational precipitation estimates for the African continent continue to be enhanced as
research and testing of modifications have led to improvements in the methodology (Herman et al., 1994). Future plans include work
on refinement of the method used in determination of regions over which precipitation is overestimated due to the inclusion of non
precipitating cirrus clouds in the cold cloud duration.
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The primary objective of Integrated Conservation-Development Projects QCDPs) is to reduce pressure on natural habitats
while supporting sustainable development. The success of such activities depends to a large extent upon knowledge of both the
ecologic and socioeconomic environments. An information system was established in Madagascar to support the implementation,
monitoring and evaluation of ICDPs, and the management of Protected Areas. The originality of the system lies in the implementation
of various GIS and Remote Sensing (GIS/RS) techniques, with consideration of their appropriateness and suitability concerning both
human and material resources. The strengthening of field unit capacity, including providing them with authority and accountability,
has ensured effective decentralization of data collection/analysis activities.

The system's effectiveness is illustrated by an analysis of forest cover evolution in target areas. The integration of
multi-source data has resulted in reference values for forest cover change, which will allow an objective evaluation of the impact of
ICDP activities. Responsibility for technical operations lies with field units; standardization of activities, technical support, and data
integration are carried out at a central level. The resulting database is consistent, and widely exploitable by field operators, national
institutions and donor institutions.

Results indicate that the "democratization" of GIS/RS techniques is both possible and desirable. Critical factors required to
insure success of the operation include adaptation to local context, progressive implementation, and standardization of data formats
and analysis techniques.

1. INTRODUCTION

1. 1 The role of remote sensing

In an evolving world, a greater understanding of interactions between humans and environment is essential for a sound
management of the planet's natural resources. Remote sensing techniques can effectively contribute to such knowledge by providing
multi-temporal information for a given site from a spatial perspective.

A valid question is whether the tremendous potential of remote sensing is being adequately exploited in developing countries.
Image acquisition and data processing and dissemination are useless if they are not integrated into the decision-making process. Thus
development of remote sensing applications requires an understanding of both its final objective, and the context in which it occurs.

1.2 A tool for decision making?

Continuous improvements in satellite sensors, images, and applications have resulted in the availability of more refined and
diversified information. The integration of such information with other multi-sectoral data within a GIS allows one to model the real
world (continuous and infinite) in a discrete and understandable manner for decision makers. Lower cost and more readily available
images, along with more diversified geographic data, hardware, and software available to a greater number of users, meets the
prerequisites for the use of GIS/RS technology as an effective tool for decision making concerning topics of spatial distribution.

1.3 The case of developing countries

Developing countries, especially in Africa, should be among the primary beneficiaries of this technological evolution.
Indeed, these countries are most threatened by rapid changes in soil and natural resources. Yet administrators often resemble drivers of
a car that is going faster and faster; they need more, and more relevant, information available in a shorter lapse of time 'in order to
master the vehicle and to avoid economic and ecological disasters.

The advantages of remote sensing and geographical information technology seem not to have been fully appreciated by the
concerned parties. These techniques are often regarded as highly technical, expensive, and unattainable with available resources.
Although foreign aid (bi- and multi-lateral donor support) has supported the implementation of local capacity for the rational use of
spatial information, there remains much to be done. Foreign aid, even when significant, can provide only temporary sectoral support.
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2. MADAGASCAR

2. 1 Context

Madagascar has many conditions that illustrate the urgent need to use spatial information to better understand human impacts
on the environment. As the world's fourth largest island (592,000 km2), it possesses characteristics of a small continent, with diverse
relief and climate, and exceptional biological diversity. Considered a natural sanctuary, Madagascar is classified as one of the few
'mega-biodiversity' countries, with 80-90% of species endemic to the island. Combined pressure from rapid population growth and
destructive farming practices has reduced forest cover and arable land dramatically. Consequences are disastrous for the country's
development, based primarily on agriculture, as well as for the international community, as part of the world's biological heritage
steadily disappears.

2.2 The USAID/SAVEM* project

Initiated within the framework of a National Environmental Action Plan (NEAP), the USAID/SAVEM project's primary
objective is to reduce pressure on natural resources by promoting sustainable economic development through an 'integrated
conservation-development' approach. Activities to attain this goal consist of the implementation of six Integrated Conservation-
Development Projects (ICDPs), and support to ANGAP**, the agency responsible for the national system of parks and reserves (Figure
1).

Knowledge of both the ecologic and socioeconomic environments is a key element for the success of any action. Because
GIS/RS techniques provide invaluable assistance by allowing the spatial integration of multi-sectoral data, the implementation of an
appropriate information system was thus identified as an important part of the SAVEM project.

3. ANGAP'S BIODIVERSITY INFORMATION SYSTEM

3.1 Primary objectives

With SAVEM support, a Department of Information & Valorization of Biodiversity (DIVB) was established at ANGAP, with
the technical assistance of TFMT and TR&D***, to provide relevant information for decision making on biodiversity issues through
the implementation of GIS/RS technology. An information system, called 'GIS/ANGAP' was set up within DIVB to produce reliable
information to (1) attain a better knowledge of national-level biodiversity, and (2) provide operational and technical support to the
national network of parks and reserves, individual Protected Areas, and ICDPs. Implemented with technical support from
USGS/EDC****, the GIS/ANGAP ensures collection, management, and analysis of diverse data ranging from national (ecosystems,
Protected Area network) to local (individual Protected Areas and ICDPs) levels, to facilitate programming and planning.

3.2 Strategies

From the beginning, sustainability, standardization, and decentralization of the system were recognized as desirable
characteristics. The progressive implementation, both spatially and temporally, of GIS/RS concepts, techniques and applications
throughout the organization ensures the sustainability of the system. Successful implementation of the information system also
requires consideration of current limitations on the human and material resources required for the collection, management, and
analysis of data at the local level, and for the integration, management, and analysis of data at the national level.

The GIS/ANGAP central unit has provided leadership and assistance regarding the development of base-level data for
dissemination at both national and local levels. Spatial data projection and formats have been standardized, as well as procedures for
the conversion and transformation of data to these standards. Furthermore, in cooperation with the central GIS/ANGAP unit, the
strengthening of the infrastructure of field units, including providing them with authority and accountability, has ensured effective
decentralization.

3.3 Organization

The GIS/ANGAP technical support is based on a 'hub and spoke' system. The central GIS unit acts as a service center for GIS
field units, national and international institutions and private companies, and ensures data coherence within space and time. Each
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ICDP operator is responsible for its own analytic approach and data collection/processing operations. The following diagram portrays
the responsibilities of each of the GIS units.

3.4 Primary sources of remotely-sensed data

Primary sources of remotely-sensed data 'include the national Landsat MSS mosaic, Landsat TM imagery, SPOT imagery,
and aerial photographs. The national MSS mosaic has been resampled to 60, 100, and 500 m resolutions, resulting in image files that
are appropriate and readily accessible for various applications, in particular as a base image for maps at both national and regional
scales.

Landsat TM images at 30 in resolution have been integrated into the ANGAP/DIVB database, and serve primarily for ICDP
monitoring and evaluation activities. Interpretation of these data provides estimates for vegetation cover at the local level. SPOT
images at 10 in and 20 in resolution have been acquired and integrated into the database when other data sources were not available
for the desired time period. Aerial photography at 1:40,000 is available for all ICDP regions for the 1991 period.

3.5 Applications

Within the two years since its inception, the GIS/ANGAP unit has developed one of the most complete georeferenced
databases at the national level, and for certain areas of the country (parks and reserves). Data applications have been developed in
collaboration with diverse institutions, for example: identification of conservation priority zones (international scientific workshop)
with Conservation International; analysis of vegetation according to underlying geology with Kew Gardens; determination of



demographic pressure zones on ecosystems with the national census bureau; representation of USAID intervention zones regarding
population, agricultural, and environmental programs. At the local level, ANGAP/DIVB cooperates with various operators at ICDP
sites.

4. VEGETATION MONITORING IN SAVEM ICDPS

4.1 Background

The protection of natural habitats is an ANGAP responsibility, a NEAP priority, and an essential strategic objective for
USAID/Madagascar. For ICDPs, the monitoring of vegetation cover is designed to provide indicators of the overall impact of on-site
conservation and development activities. DIVB has been entrusted with the task of producing data/indicators required for the
monitoring of vegetation cover in ICDP intervention zones. Data/indicators are developed in close cooperation with onsite operators.

The objectives of the present analysis are to provide reliable data on the evolution of vegetation cover, and to develop a
reference document for future monitoring activities. All data are georeferenced and, thus, constitute a strong base for an effective and
sustainable monitoring system for the evolution of vegetation cover.

4.2 Study areas

This study concerns ICDPs funded by USAID through the SAVEM project. A typical ICDP consists of three distinct areas:
Protected Area (PA); Peripheral Zone (PZ), ranging from 3 to 6 km around the PA; and Target Zones (TZ) selected by each operator
to represent regional problems with respect to human pressures on natural resources.

The study focuses on five ICDPs (Figure 1): Amber Mountain, Masoala, Andasibe, Ranomafana and Andohahela. Six of the
twenty TZs are not included in these results because of missing or incomplete data. The total area of ICDP target zones represents
approximately 10% of the total area of the respective Protected Areas and Peripheral Zones (110,500 ha, 429,600 ha and 611,600 ha,
respectively).

4.3 Temporal data

Vegetation data for this analysis represent three periods, namely, pre-SAVEM, early SAVEM and during SAVEM.
According to data availability for all ICDPs, the selection of dates and reference documents is as follows: pre-SAVEM, 1950-57 forest
maps at 1:100,000 from the Department of Water and Forestry; early SAVEM, 1991/92 aerial photos at 1:40,000 from the national
Malagasy mapping agency; during SAVEM, 1994/95 SPOT and TM satellite images.

4.4 Results and comments

4.4.1 Summary per ICDP

Vegetation is represented in three large categories: primary forest (PF) represents primary or slightly degraded forest;
secondary forest (SF) represents secondary, degraded primary forest, or reforested area; other represents all other non-forest land use
types (grassland, savannah, crops, bare land, etc).

Mean Annual Change Rate (MACR) represents the absolute value of the average annual change in vegetation cover,
determined from the change in percent of TZ occupied by the given vegetation class. Table 1 provides MACR expressed as the
average for all Us within each ICDP. Category (PF+SF) represents total forest cover.



The degradation rate of primary forest is currently highest at Andohahela (1.2% per year), whereas total forest cover
destruction, primarily degraded secondary forest, is most alarming at Ranomafana (5.1% per year). Any comparative analysis of these
results should also consider other variables such as percent of vegetation covering the TZ, and the representativeness of TZs from a
regional environmental viewpoint.

4.4.2 Long-term tendency

The trend in forest cover change exhibited over the long term (1950-95) may be derived from data for the three time periods.
Furthermore, the trend may be extrapolated to the future, for comparison with actual data, in order to indicate the impact of
conservation-development activities.

Despite the lack of data for intermediate years, the change in TZ forest cover may be reasonably approximated by a second
order function as TZFC(T) = aT2 + bT + c, where TZFC(T) represents TZ Forest Cover at time T. It is be desirable to refine this
function by considering other variables such as population density, habitat fragmentation, etc. However, this function should allow a
preliminary evaluation of activity impact upon forest cover, while also providing reference data for future comparisons.

Figure 2 shows TZs for the Masoala ICDP overlaying the 1991 SPOT image used for interpretation of forest cover. The three
maps in Figure 3 portray the land cover situation for one TZ of the Masoala ICDP for 1950, 1991, and 1995. The bar graph portrays
the percentage of TZ (average values) covered by each of the three land cover types for those dates. The accompanying line graphs
show the trend in percentage of TZ covered by primary forest for two of the TZs, plus the average trend. The second graph portrays
only the period from 1990-2000, i.e., during and after the SAVEM project. Extrapolation to the year 2000 and beyond allows the
determination of reference values for rates of forest cover change, if no intervening activity is undertaken. A similar analysis were
carried out for each of the ICDPs, and averaged over all ICDPs for SAVEM-wide statistics (Table 3).

4.5 General observations

Results should not be considered as representative of the impact of ICDP activities. Most ICDPs became truly operational
only in 1993/94; impact on vegetation cover would not be considerable until at least 5 years subsequent to the start of activities. The
study results should be considered as reference data that will be essential for any objective impact evaluation in the coming years.

Preliminary results reveal the following trends: accelerated destruction of primary forest; extremely accelerated destruction of
the total forest cover; and the important role of Protected Area status. These trends are of a global nature for the SAVEM ICDP zones.
Trends vary at each ICDP, and should be thoroughly analyzed at the level of the field units.

4.5.1 Accelerated destruction of primary forest

Table 2 provides the average values for forest cover for all TZs combined, in percent of TZ occupied by the vegetation class.

Results indicate a clear 'increase in degradation rate of primary forest during the recent period. Expressed in percent of target
zone area, the mean annual loss of primary forest cover has changed from approximately 0.5% (1950-91) to 0.9% for 1991-94. It is
obvious that the increase 'in degradation rate has not occurred only during the 1990s. A reasonable estimate of the overall trend gives
average values from 0.2% (early 1950s) to 0.8% (early 1990s), with a projected estimate of annual rate of vegetation loss of
approximately 1% in the year 2000, should no action be undertaken. A more refined analysis using additional data (intervening years,
population density, migration, etc.) is desirable when such data are available.



4.5.2 Accelerated destruction of total forest cover

The nature of total forest cover (primary and secondary) degradation is another concern. In the past, primary forest was
mainly converted to degraded or secondary forest; however, we are now observing total forest cover destruction. Data clearly indicate
that the total deforestation rate has tripled, from 0.6% (1950-91) to 1.8% (1991-94). A reasonable estimate of the trend gives rates
increasing from 1.7% in the early 1990s to 2.2% in year 2000, should no action be undertaken.

4.5.3 Protected Area status

A quick survey of ICDP Protected Areas indicates the important role of Protected Area status. Partial statistics on the
evolution of forest cover show an insignificant degradation in PAs in relation to that of their peripheral zones. Thus, although PAs are
often considered as improperly managed, they are, nevertheless, relatively respected by the neighboring communities, at least insofar
as forest destruction is concerned. However, the creation of a Protected Area seems to have increased pressures on natural resources in
the PZ. Further studies are required to confirm this phenomenon, and determine the process and the kinds of mitigating measures that
should be taken for the creation of future PAs.

4.6 Future activities

Data for six other Target Zones (including three at an additional ICDP) must be collected and analyzed to improve the
representativeness of the study. All Us should undergo further monitoring at the end of SAVEM (1997). Forest cover should also be
determined for the PAs and PZs over the same three periods (1950, 1990, 1997).

Aerial photography and videography is planned for several of the ICDP target zones in 1996 to provide current vegetation
data. Recent TM or SPOT imagery (1996/1997) should be acquired to access data for the entire PA and PZ for each ICDP at the end
of the SAVEM project. ICDP technical staff now have the capacity to analyze imagery and produce vegetation cover estimates.

5. CONCLUSION

An important aspect of this study has been the cooperation (between GIS/ANGAP and field units) required to obtain the
aforementioned results, as well as for future development of the monitoring system. Technical supervision concerning data collection,
photo and image interpretation, data formats, and map production must be defined and work carried out cooperatively; this will
provide coherence between ICDPs in the collection and analysis of vegetation data, and sharing of human and material resources. In
the case of the SAVEM Project, DIVB/ANGAP has been entrusted with the technical supervision of this monitoring, and all ICDP
operators have provided DIVB with the human and material resources necessary.

Such effort, however, should not be limited to the mere production of statistics, which constitutes only the first step of a
sustainable monitoring process. Technical staff of each ICDP have been trained, and now have the required experience to carry out
this monitoring. It is essential those responsible for activities conducted in the widely varying regions acknowledge the importance of
continuing vegetation monitoring by devoting the essential tine and resources (human and material) necessary to achieve it. With such
critical conditions assured, the 'democratization' of GIS/RS techniques is both desirable and possible.
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ABSTRACT

Time series Advanced Very High Resolution Radiometer (AVHRR) data of Eastern Asia for the period April to October
1992 have been analyzed to produce statistically orthogonal, annual indicators of vegetation development. Monthly AVHRR data
composites used in the analysis were generated by USGS EROS Data Center using the maximum Normalized Difference Vegetation
Index (NDVI) approach to produce a cloud free representation of Eastern Asia. The time series data were analyzed to determine
whether a phenologically based transformation of the original signal data could assist analysis of vegetation dynamics and
understanding of landscape features. The reflective channels of each monthly composite were transformed to Tasseled Cap greenness
and brightness. Comparison of the sun angle corrected greenness feature to NDVI favored use of greenness in the analysis. Using
principal components methods, a linear transformation of the time series greenness was discovered. The transformation describes
ninety percent of scene greenness variation in four variables. These variables include cumulative greenness (the sum of greenness for
each date), summer greenness flux (the contrast of summer biomass productivity to the rest of the year), early season greenness flux
(the contrast of early season biomass productivity), and periodic greenness flux (biomass productivity attributable to multiple
cropping). This paper describes the development of the transformation and discusses the vegetation dynamics represented by each of
the principle greenness components.

BACKGROUND

High temporal and coarse spatial resolution remote sensing data such as the Advanced very High Resolution Radiometer
(AVHRR) has been frequently used to study vegetation dynamics in the last fifteen years. Townshend and Tucker (198 1) as well as
Gray and McCrary (198 1) were among the first to acclaim the utility of AVHRR for vegetation mapping. Subsequently, Tarpley
Schneider and Money (1984) recommended th~ formation of periodic global composite data by selecting the highest spectral
vegetation index for each grid cell from a time series collection of individual daily data. This procedure provided a means to undertake
continental scale analyses that overcame the problems of extensive cloud cover, particularly benefiting the study of equatorial regions
(Tucker, Townshend, Goff, 1985).

Interest in the use of AVHRR for the study of global change fostered research in the biophysical precision of the instrument.
Goward, Markham et al (1991) undertook an analysis of the precision offered by use of normalized difference vegetation index
(NDVI) generated from AVHRR reflective bands. They concluded that AVHRR could provide monthly estimates of global vegetation
dynamics within plus or minus ten percent of normalized difference vegetation index (NDVI) units. Encouraged by these findings, the
International Geosphere and Biosphere Program sought the creation of a global one kilometer land surface data base and a one
kilometer resolution land characterization product (IGBP, 1992). Subsequently an international effort was mounted to do so. The
EROS Data Center and others have begun assembling ten day composites and a global land characterization of seventeen cover types
(Loveland et al, 1991).

The availability of composited data enables scientists to explore the feasibility of evaluating seasonal and inter-annual
variations in land cover. Townshend, Goff and Tucker (1985) applied principal component analysis on monthly NDVI composites.
The study found that only two principal components were required to account for more than ninety percent of the total variance in
NDVI over a six month period in sub-Saharan Africa, and a seven month period in North America. The study found that in both cases
the primary component was representative of annual accumulated NDVI value. This result was significant in that integrated NDVI is
related to total dry matter accumulation (Tucker, Holben, 1980). The second principal component contrasted NDVI values between
summer and winter. When plotted as a scattergram, the joint distribution of the first and second components was structured like a
tulip. Correspondingly the transformation was called the "tulip transformation". This paper examines whether Townshend's findings
are extendible to Asia, which offers greater climate and biological diversity than the Townshend study sites, and explores the use of
alternative vegetation indices.



DATA

Eight AVHRR monthly composites of eastern Asia for the 1992 growing season, from April to November, were used in this
study. The time series data were compiled by the USGS EROS Data Center (EDC), in cooperation with the China National Bureau of
Surveying and Mapping, as part of the IGBP one kilometer Global AVHRR data base effort (Seevers et al, 1996). The monthly
composites were derived from ten day composites available for the period April 1992 to March 1993. However, only the first eight
months (April to November) were available for analysis during this investigation. Analysis of all twelve monthly composites is the
subject of an on-going study. The ten day composites were generated by EDC using the maximum normalized difference vegetation
index (NDVI) procedure. Even so, cloud cover was extensive and made necessary the construction of monthly composites which were
generated by creating a mosaic of the three available ten day composites for each month. This process appears to have introduced
certain artifacts into the data, such as prominent mosaic lines. In addition, not all cloud cover problems were resolved. In particular
August data was cloud covered in the vicinity of the Sichuan Basin. The data were otherwise suitable for analysis and representative
of the primary growing in Eastern Asia in 1992.

Each monthly composite represents a sun and view angle normalized monthly mosaic of individual AVHRR pixels collected
under cloud free conditions assumed when NDVI is maximum. The data made available to this study included AVHRR signal for
bands one through five. Scatter plots were generated displaying the infrared measurement, band two, versus the visible measurement,
band one, for each date. Superposition of the plots indicated comparability of the data distributions. We concluded by this graphical
analysis that the viewing geometry normalization and the general scene clarity minimized external effects. Exceptions were noted,
however, and we observed the possibility of significant variation in atmospheric conditions of the August composite. These conditions
were not correctable and caution was exercised during the analysis to recognize their possible impact on the study. NDVI data
corrected for atmospheric effects (Rayleigh scattering and viewing geometry), though generally computed by EDC, were not
available. Accordingly, we computed our own version of NDVI without correcting for external effects.

PROCESSING and ANALYSIS

Feature Selection: Comparison of NDVI and Greenness

Our first task is to determine the appropriate vegetation index upon which to base a time series analysis of vegetation
dynamics. In this section we examine alternatives starting with the normalized difference vegetation index (NDVI). NDVI is a ratio of
the difference of the AVHRR reflective bands:

Where IR is infrared band 2 and VIS is visible band 1. NDVI is the most broadly used AVHRR-based vegetation index. The
nature of the AVHRR collection platform (the satellite viewing geometry, variable solar geometry, changing atmospheric conditions,
and path length variation in the along scan direction) affects the measured signal value and confounds analysis of the terrestrial
surface. NDVI insulates the user from these external effects to a degree by reducing variability within the data set due to solar
geometry and viewing angle.

The numerator in the NDVI expression is worthy of discussion. Commonly called difference vegetation index (DVI), the
DVI is found elsewhere expressed as the environmental vegetation index (EVI; Gray, McCrary, 1981), and can be shown to be closely
related to the perpendicular vegetation index (PVI; Jackson, 1983). The following uses the Tasseled Cap (Crist, Kauth, 1986) to
compare DVI and NDVI, and concludes with the selection of the DVI as the appropriate feature for this study.



NDVI is a ratio of two features, the difference and sum of AVHRR visible and infrared signals. Ratios are measures of angle
between numerator and denominator as will be demonstrated. For reasons that will be apparent in a moment, we let G = DVI = Band 2
- Band I represent the band difference, and B = Band 2 + Band I represent the sum. Figure I is a scatter plot of the July Asia monthly
composite, displaying G on the y-axis and B on the x-axis. The overall shape of the scatter plot is analogous to that seen in the
Tasseled Cap representation of MSS (Kauth, Thomas, 1976) and TM data space (Crist, Cicone, 1984). In the Tasseled Cap
representation, G= 0 is referred to as the line of soils, where one would find bare soils and other non-vegetative materials (water,
clouds, impervious materials) mapped. Since G and B are linear transformations of the original bands, the scatter plot of Band 2 versus
Band I is a simple rotation of axes, preserving Euclidean relationships among data. The approximate directions of the IR and VIS band
axes are indicated for reference on Figure 1. The similarity between the structure of the AVHRR distribution and the Tasseled Cap
leads to the labeling of G (Greenness) and B (Brightness). Previous studies have hypothesized a strong relationship between AVHRR,
MSS and TM greenness indices (Cicone, Metzler, 1984). On the basis of the analysis of this and other monthly composites, it is the
authors' opinion that the relationship is sufficiently strong to allow labeling the numerator and denominator components of AVHRR
NDVI respectively Greenness and Brightness.

Values of NDVI ranging from .1 to .7 and 1.0 are superimposed on the plot. NDVI = 0 occurs when the numerator equals 0,
equivalent to G = 0. In effect, NDVI = 0 corresponds with the soil line. Values of NDVI > 0 imply presence of vegetation or
developing canopy. Values of NDVI > .3 are associated with vegetation canopies residing within the Tasseled Cap "green arm". The
fact that NDVI = 0 corresponds to the line of soils is a fortuitous circumstance that is dependent on the calibration of the sensor bands
one and two Oust as in this case it is fortuitous that Tasseled Cap greenness in this case equates to Band 2 - Band 1). If the calibration
of either band varied, the rotation of the axes resulting from the computation of the sum and difference would skew the distribution
and correspondingly change the meaning of NDVI = 0. Though outside the scope of this paper, this suggests that the current useful
definition of NDVI is sensor calibration dependent and is not extendible to other sensors.

NDVI = 1 occurs when G = B and equates to the value Band 1 = 0, therefore tracking the Band 1 axis. Pixel values of NDVI
> 1.0 are regarded as artifacts (bad data) and not occurring in the physical world. NDVI = 1 follows along the "green arm", which is
the region occupied by green vegetation canopies. NDVI = .6 and .5 intercept valid data. Note however that any pixel along these
constant values of NDVI can vary broadly in greenness value. Conversely, any pixel at a fixed value of greenness can assume many
NDVI values. The relationship between NDVI and G, though correlated, is many-to-many and non-linear. The non-linearity of this
relationship indicates that G and NDVI are very different vegetation indices. Examinations of temporal trajectories of developing
vegetation have indicated that a crop planted on a particular soil will move from the soil line to the green arm, as it approaches canopy
closure and generally prior to seed or fruit development, then progresses along the green arm achieving full maturity, then moves
toward the soil line during the period of senescence (Crist, 1984). This phenological behavior will result in a saturation of NDVI as the
plant matures along the green arm. This non-linearity of NDVI has been seen in laboratory analysis (Hinzman, 1984) and has lead us



to conclude that the time series greenness (or DVI) vector, rather than NDVI, is a better metric of crop phenology and more
appropriate for the study of temporal vegetation dynamics.

Principal Component Analysis

Having decided to base our analysis on the greenness feature, we turn our attention to the time series analysis of the
greenness vector in an effort to determine whether a phenologically based time series transformation could be determined which
would assist in the analysis of vegetation dynamics and landscape features. Principal components based methods comparable to those
employed by Townshend et al (1985) were applied. The procedure used in calculating the principal components used standard
techniques as implemented in the Laboratory for Applications of Remote Sensing Multispec image processing system (Landgrebe,
Biehl, 1995). Given the multitemporal greenness vector Gi,j, where j = 1 ... 8 represents time for each pixel i, each principal
component Pi,k is expressed as a linear combination of Gi,j:

Where ak
T are the normalized eigenvectors of the correlation matrix of Gi,j. Expressing all eight sets of eigenvectors by A,

one can write P = AG where Ak are arranged in order of descending statistical variance accounted for by the principal components.

Principal components result in a variance preserving linear transformation of the original data whose chief value is the
identification of the primary directions of statistical variation, and the relative ranking of statistical variance. Linearity implies that the
Euclidean distance between the original and transformed data sets is preserved. In a multidimensional environment, examination of
the degree of variance described by each principal component can lead to an understanding of the meaningful dimensionality of the
data space. That is, though "n" measurements (in our case eight) imply n dimensions, the measured data may actually span a m < n
dimensional subspace. This would occur for example if two or more of the original n measurements were highly correlated. If fewer
than n components were found to capture a significant majority of the variation in the measured data, the corresponding components
would form basis vectors for the subspace occupied by the data. Consistent with the Townshend study, the 90% threshold was used in
this study.

The results of the principal components analysis of the entirety of Eastern Asia are shown in tables one and two. Table one
provides the coefficients for each eigenvector by order of importance and table two provides the percentage of variation described by
each component upon which the ranking of importance was based. We noted the comparability of the first two components to those
found in Africa by Townshend et al, even though applied to a different vegetation index. The distribution of the first two components
bears a striking resemblance to the "tulip distribution" identified by Townshend. Their comparability suggests the possibility of
identifying a globally invariant representation of these two features. In this analysis 68.1% of the multitemporal variation in scene
greenness was described by the first principal component, and 11.8% by the second component. Townshend found 90% of the scene
variation described by the first two components. This suggests, different and perhaps more complex plant communities and vegetation
development phenology, as we expected in Eastern Asia.



OBSERVATION of VEGETATION DYNAMICS

Examination of Figure 2, which charts the coefficients for each of the four primary principal components suggests a direct
relationship between the statistically derived features and vegetation development patterns.

The first component is labeled "cumulative greenness", since this component is the weighted sum of all dates. This year-end
index is related to total leaf biomass and describes 68.1% of the annual variation in vegetation greenness. Figure 3 is an intensity
image of Eastern Asia cumulative greenness. Higher values of cumulative greenness are brighter. The brightest areas are forests in the
mountain regions bounding the Manchurian plain, the Korean Peninsula, the mountainous western Sichuan Province, and southeast
Asia, followed by agricultural regions in the Manchurian Plain, the North China Plain, and the Yangtze River Valley. The Gobi desert,
Taklimakan and and Tibetan Plateau show very low levels of cumulative greenness, consistent with the fact that little grows in these
areas The Sichuan basin is unexpectedly dark, probably due to the effects of clouds not filtered by the compositing and mosaicing
procedure. Future work in this area must include procedures that address this problem.

The second component is labeled "summer greenness flux", since it represents vegetation that is greenest during the summer
months. This indicator describes 11.8% of greenness variation. Figure 4 illustrates that summer greenness flux is strongest in northern
temperate regions of Manchuria where summer crops are grown extensively. In contrast, the North China Plain is quite dark,
suggesting less vegetation in the summer months. This can be attributed to double cropping practices which result in harvesting of
early season crops during the summer months.

One would not necessarily expect such a strong phenological relationship with features derived strictly from a statistical
process such as principal components analysis. The result, however is intuitive. The eight dimensional vector of greenness derived
from the AVHRR monthly composites Gi,j is measured across a region that includes vast deserts and significant bodies of water
which bear little or no vegetation cover. At the same time, wide expanses of tropical and sub tropical forests and other forms of
vegetation would suggest that the sum of the vegetation index could dominate variation in a statistical sense.



Correspondingly, the seasonal variations driven by temperate boreal forests, and expanses of cultivated land would suggest as
well the importance of a measure that would represent this dynamic.

Unlike the Townshend study, which found that the first two components explained greater than 90% of the statistical
variation of the scene, this study found that similar components explained a still significant but less compelling 80% of multitemporal
greenness variation. Examination of the next two lesser components is revealing. Figure 2 displays coefficients of the first four
eigenvectors derived from the principal component analysis of the multitemporal greenness index. The sum of these four components
explains 89,98% of the greenness variation. Though describing respectively only 5.9% and 4.1 % of the variation, the two lesser
components are also easily related to phenological patterns.

The third component, describing 5.9% of the greenness variation, is called early season greenness flux, and contrasts
vegetation development in the April and May time frame with later seasonal development. This would indicate regions of early
planting and green up. The intensity image of this component (Figure 5) suggests early planting practices in the North China Plain,
consistent with low summer greenness flux values due to summer harvest seen in Figure 4. One would expect early green up in
tropical regions. However, the signal is a contrast of green up at different times of the year. The tropical regions show early signals in
mountainous regions, but generally various or no seasonal preferences.

The fourth feature, labeled periodic greenness flux, describes 4.1% of the signal variation. The coefficients in Figure 2 are
cyclical with early season, and late season peaks possibly corresponding to periods of peak greenness due to multi-cropping practices
that are found throughout the humid and subhumid regions of China, and especially in the North China Plain region. Figure 6 clearly
illustrates this point. Bearing in mind that the total variation explained by periodic greenness is 4.1%, one begins to see a significant
amount of "noise" creeping into the intensity image. The strong mosaic lines and grainy signal are visible elements of this. The signal
to noise ratio of the four lesser components becomes increasingly unfavorable, and any relationship with phenological patterns was
difficult to detect.

CONCLUSIONS

Through the study of a collection of composited AVHRR data for eastern Asia, we set out to examine the properties of the
underlying dynamics of vegetation by studying time series vegetation greenness. We were able to identify a set of patterns of
vegetation dynamics that appeared to correspond with the known vegetation phenology of the area. Using this approach, it may be
possible to map where these patterns are occurring and potentially determining whether they are changing in relative abundance, in the
pattern of spatial distribution, or in their phenological cycle. Such information is likely to be of use in resource inventory. The study
benefited by previous exploration of the topic in Africa and the United States. Principal components analysis was used to initiate the
investigation, and four significant features were detected which relate directly to processes of vegetation growth, reflecting both
climate driven biological processes and human agricultural interventions. The comparability of the first two components, cumulative
greenness and summer greenness flux, to those found elsewhere suggests the potential generality of the transformation on a global



basis. The recovery of two lesser features, early season greenness flux and periodic greenness flux, point to a complexity that was not
previously detected.

The results of this study, coupled with the previous work of Townshend, Goff and Tucker, suggests the potential of
establishing an annualized globally invariant transformation of coarse resolution multitemporal remotely sensed Earth observations.
We would expect to uncover additional complexities in characterizing vegetation dynamics on a global scale, however, based on the
results of two separate studies, the dominance of the first two components in three different regions of the world in describing greater
than 80% of the variation in vegetation greenness could provide a straightforward means to summarize dominant vegetation dynamics.
The discovery of further complexities, such as those found in this study of Asia, offers a means to understand other dynamics from a
phenological point of view.

ACKNOWLEDGMENTS

The authors wish to acknowledge Drs. David Landgrebe and Larry Biehl at the Laboratory for Applications of Remote
sensing of Purdue University for developing and sharing the Multispec image processing system with the remote sensing community,
and the technical staff at EROS Data Center for their prompt and courteous support. The technical work was performed under NASA
contract #NAS 5-32632, Socioeconomic Data and Applications Center (SEDAC).

REFERENCES

Cicone, R. C. , M. Metzler (1984). Development of common features for multi-satellite agricultural information extraction, Remote
Sens. Environ., 14: 257-265.

Crist, E. P. (1984). The effects of cultural and environmental factors on corn and soybean spectral development patterns. Remote
Sens. Environ. 14:3-13.

Crist, E. P., R. C. Cicone (1984). A physically based transformation of Thematic Mapper data -the TM Tasseled Cap, IEEE Trans.
Geosci. Remote Sensing., GE-22:256-263.

Crist, E. P., R. J. Kauth (1986). The Tasseled Cap de-mystified, Photogrammetric Engin. and Remote Sens., 52(l):81-86.

Goward, S. N., B. Markham, et al (1991). Normalized difference vegetation index measurements from the advanced very high
resolution radiometer, Remote Sens. Environ., 35:257-27.

Gray, T. I., D. G. McCrary (1981). The environmental vegetation index: the tool potentially useful for and land management, in Fifth
Conference on Biometeorology, Am. Meterolo. Soc.

Hinzman, L. D., M. E. Bauer, C. S. Daughtry (1984). Growth and reflectance characteristics of winter wheat canopies, LARS
Technical Report 111484, NASA/JSC Contract No. NAS9-16528.

IGBP (1992) The Global lkm AVHRR data Set: Further Recommendations, International Geosphere and Biosphere Program.

Jackson, R. D. (1983). Spectral indices in n-space. Remote Sens. Envir., 13:1401-1429.

Kauth, R. J., G. S. Thomas (1976). The Tasseled Cap Transformation - a graphic description of the spectral-temporal development of
crops as seen by Landsat, Proceedings of the Symposium on Machine Processing of Remotely Sensed Data, Purdue University
Press, 41341-41351.

Landgrebe, D. , L. Biehl (1995). In Introduction to MultiSpec, Internet, World Wide Web,
"http://dynamo.ecn.purdue.edu/~biehl/MultiSpec".

Loveland, T. R., J. W. Merchant et al (1991). Development of a land-cover characteristics data base for conterminous United States,
Photogrammetric Engin. and Remote Sens., 57(11):1453-1463.

Seevers, P. M., B. C. Reed, et al (1996). Land cover characterization from advanced very high resolution radiometer composites of the
United States and the People's Republic of China, Facing the Change and Challenge: Proceedings of the ISPRS Commission VI
Symposium, Beijing, October, 1994, pp. 122 - 128.



Tarpley, J. D., S. R. Schneider, R. L. Money (1984). Global vegetation indices from the NOAA-7 meteorological satellite. J. Climate
Appl. Meteorol., 23(3):491-494.

Townshend, J. R., T. E. Goff, C. J. Tucker (1985). Multitemporal dimensionality of images of normalized vegetation index at
continental scales, IEEE Trans. Geosci. Remote Sens., GE-23:888895.

Townshend, J. R., C. J. Tucker (1981). Utility of AVHRR of NOAA-6 and NOAA-7 for vegetation mapping, Matching Remote
Sensing Technologies and Applications, Remote Sensing Society, London, pp. 97-107.

Tucker, C. J., J. R. Townshend, T. E. Goff (1985). African land-cover classification using satellite data, Science, 227(4685):369-375.

Tucker, C. J., B. N. Holben, et al (1980). Relationship of spectral data to grain yield variation, Photograrnmetric Eng. Remote Sens.,
46:657-666.







A MULTI-ECOREGION CLASSIFIER BASED ON
EXISTING ORBITAL IMAGING RADAR

Josef M. Kellndorfer, M. Craig Dobson, Fawwaz T. Ulaby
The University of Michigan, Radiation Laboratory,

Ann Arbor, Michigan, USA

ABSTRACT

Since 1991 four radar remote sensing satellites have been launched into orbit. Three of these Satellites operate in C-Band
(ERS-1/2, RADARSAT), and one in L-Band (JERS-1). In a study at the Universiy of Michigan, the potential of combined
ERS-l/JERS- I radar imagery for regional- to global-scale land-cover classification is investigated. This paper describes the data
preprocessing and comparison from combined radar images acquired over six test sites from various eco-regions.

1. INTRODUCTION

With the launch of Radar remote sensing satellites in 1991 (ERS-1, ESA, Europe), 1992 (JERS-1, NASDA, Japan), and 1996
(RADARSAT, CCRS, Canada, ERS-2, ESA, Europe) Synthetic Aperture Radar (SAR) imagery with near global coverage is now
available from all these sensors.

In a study conducted at the University of Michigan, the potential of combined ERS-1 and JERS-1 SAR (Table 1) imagery for
regional to global scale land-cover classification is investigated.

The basic idea behind the study is to use the complimentary information of ERS-l's C-Band, vv-polarization, and JERS-l's
L-Band, bh-polarization. Both bands show different response in the backscatter behaviour of vegetation, mainly driven by the physical
(structural) and electrical properties of the illuminated objects. Hence the study focusses on the development of a radar classifier based
on the assumption that structurally and electrically similar vegetation, no matter where it appears on earth should have similar
backscattering behaviour. Since radar is an active sensing system with constant illumination geometry and well known
transmit/receive power spectra, radar imagery can be calibrated to a very high degree of accuracy, thus allowing the comparison of
backscattering values (σ°) over time and space.

This paper describes the first findings when comparing radar backscattering measurements from six test sites in different
ecoregions, ranging from mid-latitude forests, prairie, desert areas, to tropical rain forest. It will be pointed out which preprocessing
steps are necessary to geometrically and radiometrically calibrate the imagery acquired by both sensors.

2. THE TEST SITES

Figure 1 shows the location of the test sites where radar images from both ERS-1 and JERS-1 have been used to measure
backscattering values from vegetation. The tests sites were selected to get a representative cross section through various biomes and to
have good ground truth available without too much extra effort. Two of the test sites reported here were super sites (Raco, Cabaliana)
for the Shuttle Imaging Radar campaign in 1994 (SIR-C/X-SAR) and four test sites are part of the NSF network of Long Term
Ecological Research sites (LTER). These sites are oprerated to conduct long term research and hence good knowledge of the localities



is given. Invaluable support through and cooperation with local site scientists made it possible to acquire necessary ground truth for
image interpretation and analysis.

Raco, Michigan (46°25'N 85°00'W) is a test site managed by the University of Michigan, Radiation Laboratory. 80 forest
stands and many pasture and wetland areas have been biometrically surveyed over the course of five years and extensive ground truth
is available. All forest test plots are at least 4 ha in size. They encompass mainly pines ( jack pine, red pine, white pine) and northern
hardwoods (sugar maple, red maple, aspen, beech) at different growth stages.

Kellog, Michigan (42°28'N 85°27'W) is a forested site under investigation by the Kellog Biological Station. The forest
composition is similar to the Raco test site with scattered stands of pines, oak-hickory and beech-maple deciduous mid-latitude forest,
wetlands and agriculture.

Cedar Creek, Minnesota (45°24'N 93°12'W) Natural History Area is operated by the University of Minnesota in
cooperation with the Minnesota Academy of sciences. It lies at the boundary between prairie and forest and is a mosaic of uplands
dominated by oak savana, prairie, hardwood forest, pine forest, and abandoned agricultural fields and of lowlands comprised of oak
and cedar swamps, acid bogs, marshes and sedge meadows.

Konza Prairie, Kansas (39°05'N 96°35'W) is managed by Kansas State University to provide an array of burning and
grazing treatments (mainly buffalo) to facilitate ecological research. Lowland areas have patches of native prairie grass species,
especially big bluestem, indian grass, little bluestem, and switchgrass which grow up to 2-3 m during the summer. Some gallery
forests are dominated by bur and chinguapin oaks with green ash, hackberry, elm and black walnut.

The Jornada Experimental Range, New Mexico (32°30'N 106°045W) research conducted by the New Mexico State
University focusses on five habitat types: black gamma grassland, creosote bush scrub, mesquite duneland, tarbush shrublands and
playa. The playas are dominated by a variety of grasses and found in low-lying, periodically flooded areas.

The Cabaliana, Brazil (3°18'S 60°59'W) test site has been investigated by the University of California, Santa Barbara for the
SIR-C/X-SAR campaign. The study area includes a wide variety of vegetation typical of wetlands in the central Amazon basin. The



annual rise of the Solimoes river inundates large forested areas of the floodplain (vargea). Other wetland types within the study area
include shrublands and very open woodlands occurring in low-lying areas, with clumps of trees or shrubs interspersed with open water
and aquatic macrophyte beds. Upland forests (terrra firme) and clearcuts with second growth are found in this test site as well (Hess,
1995).

3. SCENE SELECTION

Both ERS-1/2 amd JERS-1 have imaged the earth's land surface since launch with their SAR instruments. ERS- 1 and the
follow-up sensor ERS-2 have covered all land masses, meanwhile several times. Hence, for many regions multi-temporal ERS-1/2
images are available. As of March 1996 JERS-1 has imaged 97% of the land surfaces, but with a lower repetition rate than ERS- 1/2.
Besides the availability of scenes for the test sites from both sensors, three major criteria were considered when selecting scenes for
the study.

3.1 Seasonality:

Since vegetation is intended to be compared structurally in various ecoregions, it was decided to select scenes during the peak
of the vegetation period, if applicable. Especially frozen, leaf off, and post-harvest conditions alter the radar signal significantly. This
fact can be used when incorporating multitemporal datasets into the classification approach, which has not been done yet throughout
the study. Selecting the peak of the vegetation period also conforms with the proposed standard for vegetation classification (see later
in this paper). In this proposal, vegetation cover is to be measured during the phenological peak of the vegetation period.

3.2 Moisture Conditions

Radar is well known to be sensitive to moisture changes in canopy as well as in the underlying soil. Hence, a careful selection
of scenes from relatively dry periods (no rain on and a couple of days before the image acquisition) helps to avoid shifts in the signal
due to soil moisture changes and intercepted rain on the vegetation canopy and stems. Wet conditions might significantly alter
backscatter and hence classification accuracy will decrease. However, in tropical environments precipitation is to be expected almost
always, which might lead to the necessity to treat tropical regions under the assumption of wet conditions. This is to be further
investigated and not elaborated so far.

3.3 Scene Overlap

This slection criteria is two-fold: time and space. Since the imagery is acquired from two different satellites, scene
combinations are prefered that a) maximize the area covered by both sensors and b) minimize the time span between the two
acquisition dates. Preference is to be given to scene combinations of the same vegetation period rather than being from the same year,
but from different phenological stages.

For the six test sites reported here it was possible to select scenes with good scene overlap and acquisition date differences
ranging from I to 42 days. Table 2 lists the acquisition dates for all test sites.

4. PREPROCESSING

In order to generate absolutely calibrated ERS/JERS-1 SAR image composites, a preprocessing chain was designed and
implemented at the University of Michigan Microwave Image Processing Lab (Figure 2).

The input products delivered from the German Processing and Archiving Facility (ERS-1) and RESTEC, Japan, (JERS-1)
were the Precision Image (ERS- 1)and Level 2.1 (JERS- 1) product.



Both products are delivered in ground range projection with 12.5 m pixel spacing, corrected for their specific antenna pattern
and range spreading loss. An "illuminated area" correction, based on the local angle of incidence is done for the JERS-1 data. This
correction is done with the assumption of an ellipsoidal earth model and not the true slope due to terrain. This fact had to be
considered during the calibration of the imagery by applying a local incidence angle based correction.

To perform tape reading, orthorectification, radiometric calibration, and the generation of the value added products
(layover/shadow masks, local incidence angle map) software was developed at the University of Michigan, partly in cooperation with
the Vexcel Corp., Boulder, Colorado.

For the radiometric upgrading the "Edge Preserving Optimized Speckle" (EPOS) filter was made available by the University
of Karlsruhe, Germany (Hagg et al., 1994).

4.1 Orthorectification

Due to the SAR inherent geometric distortions during image acquisition, it is necessary to use height information for the
geometric correction of SAR imagery. Elevation information is needed to correct for pixel displacements in range (across track) and
azimuth (along track) direction. This problem is mathematically solved and published (Curlander, 1991, Schreier, 1993). The
geometric quality of the orthorectification process is determined by the accuracy of the orbit information and the digital elevation
model used. For both ERS-1 and JERS-1 fairly accurate orbit data are available and were refinded using ground control points. Those
were collected using USGS 1:100,000 Digital Line Graph (DLG) data and GPS measurements. It was expierienced, that a minimum of
4 ground control points was sufficient for refinements of the orbit information and first- order point transformations during the final
orthorectification run. A critical quality criteria is the resolution and accuracy of the DEM data. For all but the Cabaliana test site, the
USGS 1: 100,000 hypsography data could be used to generate 25m pixel spacing raster DEMs (Carrara, 1988). The results for the
geometric correction of the images were satisfying using the USGS 1:100,000 data. However, better resolution DEMs at a scale of
1:50,000 would be preferable if better geometric quality is desired. In the case of regional vegetation classification the achieved
accuracy of circa 50m was considered to be sufficient. The use of USGS 1:250,000 DEM raster data resulted in insufficient accuracies
and almost no layover or shadow regions could be detected using this coarse resolution DEM.







4.2 Value Added Products

During the process of geometric correction the following "Value Added" products are generated:

• Layover /Shadow Mask

The layover/shadow mask marks areas where the SAR layover/shadow effects occur. These areas need to be excluded from
classification.

• Local Incidence Angle Map

The local incidence angle map gives for each pixel the incidence angle of the radar beam with the surface normal. This
information is used for the radiometric "area term" correction and can be used for further incidence angle dependent analysis of the
backscattering coefficient.

4.3 Radiometric Calibration

The radiometric calibration of the ERS-1 and JERS-1 imagery is another critical preprocessing step, considering the intention
of multi-site classification using a classifier based on absolute backscattering values. Throughout the past years progress has been
made in the calibration of SAR imagery and today accuracies are considered to be less than 0.7 dB. For ERS-1 and JERS-1 accuracies
have been reported to be on the order of 0.5 dB (Laur et al., 1993, Shimada, 1993).

However, careful calibration is to be performed by the user and several factors have to be involved in the calibration process,
when accurate backscatter values are to be used. Calibration equations for ERS- I and JERS-1 used in this study are published in
Kellndorfer, 1996b.

In summary, the following conclusions can be stated for the radiometric correction of ERS/JERS imagery:

- Shadow occurs almost never in ERS-1 images, whereas layover regions are of greater extent in ERS- 1 than in JERS- 1
scenes.

- Corrections of the illuminated area due to slope are more critical in ERS- 1 than in JERS- 1 images.

Both effects are due to the lower incidence angle of the ERS SAR (see Table 1).

4.4 Radiometric Upgrading

Fading (speckle) noise is a well known phenomena in radar images. It occurs due to the coherence of the electromagnetic
wave transmitted for object interaction. To reduce the speckle noise a two step process was chosen to be adequate for the purpose of
vegetation classification. This process results in a reduction of the ±1σ-variance around the mean backscatter from 5dB down to
0.1dB. Since the total dynamic range of the imagery is on the order of roughly 20dB, significant noise reduction is important.
However, the filtering reduces resolution, which is estimated to be circa 75m after the filtering process.

The first step in the process is the application of the EPOS filter which is designed to preserve edges while reducing the noise
in homogeneous areas to a very high degree. To further remove point targets (e.g. vehicles, power masts, antennas, etc.) and edge
noise, which was not removed by EPOS, a 5x5 median-filter was applied to the imagery consequently. Figure 3 shows an image
example of the filtering effect. Figure 4 shows the Raco test site ERS-1/JERS-1 composite, however in a greyscaled version. The
standard way to display the composites was chosen to be JERS-1 in red , ERS-1 in green, and the ratio ERS-l/JERS-1 in blue.

5. CLASSIFICATION

The classification approach chosen for the project emerged from the intention to eventually realize a consistent global
vegetation classification tool, if the results show promising accuracies. With that idea it became clear, that the classification process
had to be somehow unsupervised, since single scene training was not considered an option. At this stage of the project a single
classifier for all test sites cannot be reported. However, results can be shown from the Raco test site and a comparison of backscatter
values measured at all six test sites can be discussed. Besides the choice of the classification algorithm, also the vegetation classes
have to be chosen to be meaningful with respect to global vegetation characterization. A good basis for that is the recently proposed
standard for vegetation classification. This standard is discussed by many federal agencies and ecological groups under the leadership
of the Federal Geographic Data Committee (FGDC, 1996). From a radar perspective, this classification scheme seems to fit very well



with the radar sensitivity to biomass and structural attributes of vegetation, since it is based on plant physiognomy, phenology, percent
cover and environmental factors, esp. hydrology (Table 3)

5.1 Classifier design

At present, the design of the final classifier is not finished. Expierience with hierarchical approaches (Dobson et al, 1996) and
the use of second order features, e.g. textural measurements, are still evaluated as an alternative to the method chosen so far. This
classification approach uses the ISODATA clustering algorithm (Tao et al., 1974). Input to this unsupervised clustering process are
the filtered and calibrated ERS-1, JERS-1 images and a ratio channel. As boundary conditions for the clustering a maximum of 20
iterations, a minimum of 20 clusters with a minimum size of 100 pixels were defined. The resulting clusters are assigned to classes
based on backscatter values measured from defined polygons of known vegetation cover and additional geographical information like
aerial photography or USGS Land Use Land Cover Data.





Figure 5 shows the Raco test site measurements of the defined polygons (A) compared to the results of the ISODATA
clustering algorithm with cluster assignments (B).

This classification resulted in an overall accuracy of 84%, whereas testing was performed in all defined polygons and hence
is biased in terms of using those polygons for the class assignment. However, overall image interpretation and knowledge of the
greater environment in the test site through SIR-C/X-SAR data and various ground and aerial photography onfirmed the quality of the
vegetation classification in this test site.

Three major facts can be extracted from figure 5:

- The overall dynamic range is larger for the herbaceous vegetation than for the tree canopies, whereas the biomass gradient
seems to be mainly correlated with the JERS- 1 Lhh-Band backscatter.

- Structural information, e.g. the separation of needle-leaf evergreen and broad-leaf deciduous or hydrological conditions
(wet, dry) can only be deconvolved through the use of ERS-l's Cvv-Band.

- There is overlap of signatures in the scatterplot of the polygons. Inaccuracies in the geometric location or mixture of stands
might be part of the cause of the outliers. Partly, this might also represent ambiguities not resolvable with this input data set of only
two scenes. Multitemporal data or other remote sensing sources might help to increase classification accuracy.

5.2 Multi-Ecoregion Radar Signatures

In order to design a single classifier based on two complimentary radar bands, the key questions are:

• How do mean backscattering values separate in the two-dimensional scatterplot?
• Where do backscattering values from several sites appear when combined together?
• Where are overlaps and how could they be resolved?

Figures 6 and 7 show for the six test sites mean backscattering values extracted from defined polygons. All polygons were
chosen to represent homogenious areas with significant dominance of one cover type. The definition of the polygons was done in
cooperation with scientists from all test sites and many polygons represent or include LTER study plots. In some cases false color
infrared aerial photography and aerial video shots were used to support the definition of polygons. Many polygons were measured in
the field with GPS. All polygons used to calculate mean backscatter values had a minimum size of 4ha. Preferably they were selected
within greater homogenious areas to avoid mixed pixels generated through filtering and residual geometrical errors.

From figure 7 can be seen, that the combined radar signatures, classified into physiognomic classes, cluster with only little
overlap. This implies that similar structural classes from various ecoregions show similar backscattering behaviour and that accurate
calibration of the sensors allows inter-site comparison. Hence, combined vegetation classification at the physiognomic class level
seems very promising.

The appearance of open tree canopy "below" and "above" the closed tree canopy cluster can be explained by the hydrological
differences. The five "above" open tree canopy means were measured from polygons in the Cabaliana test site and represent very open
woodland with underlying macro-phytes, i.e. very wet conditions. The "below" open tree canopy means represent open woodlands and
seedling stands mainly measured in the Raco test site with dry soil and understory conditions.

The relative low backscatter values from both ERS-1 and JERS-1 for shrubland is in addition to the structural appearance of
the desert vegetation (Jornada) probably due to the very dry conditions of soil and vegetation. Shrublands with higher biomass and wet
conditions can be expected to be confused with tree canopies to a certain degree. This still needs investigation.

As pointed out for the Raco test site measurements already, it is confirmed, that there is a large dynamic range of backscatter
values within the class of herbaceous vegetation and separation of different structural classes will have to be studied further.

From figure 8 can be seen, that different hydrological conditions are separated mainly through ERS-1. A tentative increase of
moisture related class distinction through ERS-1 seems to be correlated with a decrease of backscatter values from JERS-1, meaning
less biomass or vegetation cover . Within the closed tree canopy class, overlap between forested wetlands and upland/dry forests
occur. However, in the case of lowland and upland needle-leaf evergreen trees good separation seems to be possible (figure 9). Hence,
if deciduous forest can be separated from evergreen needle-leaf forest, e.g. through multi-temporal image analysis, this ambiguity can
be resolved eventually.





6. CONCLUSIONS

It was shown that combined ERS-1/JERS-1 SAR imagery can be used for vegetation characterization , since the
complementary radar signals of Cvv-Band and Lhh-Band are very sensitive to vegetation structure and biomass. A recently proposed
standard for vegetation classification uses a hierarchical classification scheme based on vegetation physiognomy and relates very close
to what can be sensed with the combined ERS/JERS-I radar sensors. It was shown, that accurate preprocessing including significant
speckle noise reduction, in order to reduce the variance of backscatter, allows inter-site comparison of similar vegetation structural
classes.

Future research in the project will be the design of a single classifier based on structural classes, accuracy assessment in
collaboration with site scientists, characterization of class ambiguities, and determination of the strength and limitations of the
classification process with respect to global vegetation mapping.
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THE CANADIAN RADARSAT 1 - AN OVERVIEW
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ABSTRACT:

Since its launch November 4, 1995, the Canadian Radarsat system has begun providing imagery to a wide range of users
around the globe. This briefing provides an overview of the Radarsat mission, the spacecraft and radar system characteristics, and
highlights of the first nine months of Radarsat's operation.

1.0 MISSION OBJECTIVES

As articulated in the International Memorandum of Understanding between the Canadian Space Agency, NASA and NOAA,
the original Radarsat mission objectives were to:

• Ensure data availability for environmental monitoring
• Create daily sea ice maps based on data collected over the Arctic
• Collect SAR data over selected portions of the globe for the purpose of crop forecasting
• Obtain periodic SAR data coverage of Antarctic sea ice distribution
• Collect a global set of stereographic SAR images for mapping
• Obtain the first comprehensive map of the Antarctic continental ice sheet based on SAR images
• Collect site and time specific SAR data in support of approved research studies, application demonstrations or

experiments
• Collect and make available global data to any persons, on a non-discriminatory basis
• Develop applications of SAR data in a pre-operational environment
• Promote the world-wide use of the SAR data

After nine months of operation, the Radarsat Program is well underway toward the achievement of many of these objectives.
By the end of June, over 3,000 scenes had been collected and delivered to commercial and government users and researchers with
ADRO grants. More than 369 images have been delivered to the Canadian Ice Centre in Ottawa over a T1 line from Gatineau in
support of operational sea lane monitoring. Nearly 300 Application Development Research

Opportunity (ADRO) grants have been awarded by CSA, RSI and NASA to investigators in a variety of fields (Table 1) to
develop new applications and to encourage the use of Radarsat data. Early image acquisitions are being used in a variety of pilot
projects; in some cases, such as terrain mapping and geology, the users are already advancing into the next stage of use, incorporating
Radarsat imagery into trial use in operational tasks.

2.0 MISSION DESCRIPTION

2.1 Orbit.

Radarsat operates in a circular, sun-synchronous near-polar orbit at a 98.594 degree inclination and 798 km altitude. Its
dawn/dusk equatorial crossing time (6 a.m. and 6 p.m. Local Standard Time ± 15 min.) was selected to maximize solar power
availability. It also minimizes downlink conflicts with other earth observing satellites at ground stations. The orbit has a period of
100.7 min. and a repeat cycle of 24 days (343 full revolutions). System specifications are for ground track maintenance to within ± 5
km, with a goal of ±1 km at any point in the orbit.



2.2 Spacecraft.

The spacecraft (Figure 1) has an operational design life of five years. It consists of two modules, the Bus Module and the
Payload Module. The bus provides basic housekeeping functions such as power conditioning and control; thermal control; attitude and
orbit control; and command, telemetry and ranging, as well as being the structure for the attachment of the radar payload and the solar
panels and the attachment of the spacecraft within the launch vehicle. The payload generates radar image data; formats, stores and
downlinks the radar image data to the ground; conditions and distributes signals for the equipment carrying out these functions, and
has some of its own elements of structural support and thermal control.

3.0 RADAR SYSTEM

The Radarsat sensor is a very versatile C-band, HH polarization system with five operating modes (Figure 2). The payload
characteristics are summarized in Table 2. Spatial resolution ranges from a nominal 10 meters in Fine Mode to 100 meters in
ScanSAR Mode (Table 3). In its normal configuration the radar antenna is right-looking.



Power availability supports 28 minutes of SAR on-time per orbit. This can be continuous when the spacecraft is in sunlight
and in the normal configuration. In the left-looking configuration to be used for the Antarctic Mission, power will support 18 minutes
of collection per orbit, 12 minutes of which can be continuous.

Data can be directly downlinked when in sight of a ground station, or can be recorded for downlink later. The spacecraft
carries two onboard recorders (OBR), each with a capacity for ten minutes of actual imagery. The downlink is in CCSDS Format at



X-band. Live Direct Down Link is at 8105 MHz at 105 Mbps; OBR data is downlinked at 8230 MHz at 85 Mbps. Because of the
narrower bandwidth coming off of the recorder, swath widths for some modes are narrower than for the DDL case (Table 4).

4.0 GROUND SYSTEM

The spacecraft is controlled by the Mission Control System at the Canadian Space Agency in St. Hubert, Quebec, Canada.
The Mission Management Office at this facility is responsible for managing the overall mission; developing policies, procedures and
overall plans for operation of the spacecraft and ground segment; and for determining the final image acquisition schedules.

The main ground receiving station is at Gatineau, Quebec, where the Canadian Data Processing Facility (CDPF) and the
Canadian Archive facility are also located. A second Canadian Data Reception Facility is located at Prince Albert, Saskatchewan, and
is connected to the Gatineau ground station via a high speed ANIK satellite link. A third North American ground station is located at
the Alaska SAR Facility in Anchorage, Alaska. This is the primary downlink site for the NASA and NOAA free allocation data.

A number of foreign direct downlink sites are currently scheduled (Table 5).



5.0 THE FIRST NINE MONTHS

Of the approximately 3,000 scenes acquired through June of 1996, more than half of them were in Fine or Standard modes
(Figure 3). Of the various processing levels available, Path Image Plus and Path Image, followed by the ScanSAR modes have
received the largest demand (Figure 4). When broken out by user group, the largest number of scenes were acquired for the Canadian
Government, some in conjunction with commissioning and calibration or ADRO research scientists, 17% for the Canadian Ice Center,
and nearly a quarter for commercial users (Figure 5). Usage during the first four active months of imaging (December 1995 - March
1996) showed that roughly half of the scenes being acquired were being direct downlinked and half were being taken onto the
on-board recorders. Figure 6 shows the geographical location of the scenes acquired during those four months.
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ABSTRACT:

NDSU Remote Sensing Toolkit was conceived as a collection of C++ software tools to facilitate the development of graphics
applications based on remotely sensed data. The present implementation of the toolkit (TM_PCD 1) operates on Thematic Mapper
images and runs under DOS in PC machines. The toolkit design is based on the following principles:

1. Encapsulation ensures that the user is isolated from the hardware details while still maintaining a satisfactory level of
programming control.
2. Implementation of high-level functions is through a class library. This promotes software extensibility and facilitates
maintenance.
3. In order to make the code portable to other machines, hardware-specific code (device drivers) are provided as library
modules which can be replaced at link time.

The toolkit is divided into three functional levels:

1. The device drivers (furnished as run-time library modules) contain the low-level routines that are necessary for
implementing the graphics functions in a particular hardware platform.
2. The primitive routines provide a higher level of processing. These routines can be accessed from high-level programs. The
primitives are visible to the user and provide an optional, raw level of program control.
3. The class library contains the C++ functions normally visible to the programmer.

A sample program is provided with the toolkit. This example demonstrates how the various software elements are accessed
from C++ code.

1. TOOLKIT DESCRIPTION

1.1 Purpose and Scope

The NDSU Remote Sensing Toolkit (TM_PCDl) is a collection of C++ software tools intended to assist in the development
of graphics applications for manipulating remotely sensed data. The present version of the toolkit (TM_PCDI) operates on a PC
machine equipped with a 386DX or better CPU and a SuperVGA video system with a minimum of I Mb video RAM.

The present version of the toolkit allows performing a minimum set of functions as would be required for an unsophisticated
Thematic Mapper image processing application. These include:

1. Opening a TM image header file and determining its format (FAST or NDF).
2. Reading the values of the most useful operators contained in the header file, in either format.
3. Converting header file geographical coordinates (in degrees, minutes, and seconds) into decimal degrees.
4. Calculating the offset of an image point from its geographical coordinates.
5. Initializing VESA mode 112H in a resolution of 640-by-480 pixels and 24-bit color.
6. Setting individual screen pixels, displaying bitmaps, and filling a rectangular screen area.
7. Displaying small- and large-text messages in VESA mode 112H.
8. Displaying a variable-size window containing a portion of a TM scene.



1.2 Device Drivers

The library file VESA 112.LIB consists of three modules: two of these modules (DD_112A and DD_112B) contain low-level
device driver routines for VESA mode 112H. The third module (CI_112A) consists of primitives that can be easily accessed from C
and C++ language code. The device driver routines are the following:

VESA_INFO_112: Returns SuperVGA information using VESA BIOS subservice number 0.

VESA_MODE_112: Sets VESA SuperVGA mode 112H with a resolution of 640-by-480 pixels and a 24-bit color range
(16.7 million colors).

SVGA_PIX_112: Writes a screen pixel to the caller's RGB color attribute at any screen location.

BLUE_PIX_112, GREEN_PIX_112, RED_PIX_112, GRAY_PIX_112, MAG_PIX_112, YEL_PIX_112, and
CYAN_PIX_112 are procedures to set pixels in a particular primary or secondary color, or in dark gay.

SVGA_CLS_112: Clears the entire viewport to the color attribute passed by the caller.

FINE_PAT_112: Displays a bitmap, at a pixel boundary.

FTNE_XOR_112: Logical exclusive OR a bitmap at a pixel boundary.

FINE_T112: Displays a single text line at a pixel boundary.

MULTI_T112: Displays multiple text lines at a pixel boundary.

SVGA_READ_112: Read a screen pixel in VESA Mode 112H.

SVGA_XOR_112: Logical exclusive OR a pixel defined by the caller with the present screen contents.

BRESEN_112: Draw a straight pixel line using Bresenham's algorithm.

1.3 Primitive

The library module CI_112A contains primitive routines that can be readily accessed by high-level code. Version

TM_PCDI of the toolkit is compatible with Borland C++ Version 3.1 and later. The primitive routines are the following:

_VESA_INIT: Initializes VESA Mode 122H, fills the internal data areas, and loads the fonts required for text operations.

_BIOS_MODE: Restores the previous BIOS video mode.

_SET_PIX: Sets a single pixel in VESA mode 112H.

_CLEAR_SCR: Initializes the viewport to a24-bit color.

_TEXT_LINE: Displays a single-line text message in one of two font sizes, using an RGI3 color attribute, at any desired
pixel location, with variable spacing on the horizontal and vertical axes.

_BITMAP: Displays a variable-size bitmap, using an RGB color attribute, at any screen location.

_SCREEN_BOX: Displays a rectangular box, to any RGB color attribute, at any screen location.

_TM_SUBSCENE. Displays a portion of a Thematic Mapper scene starting at a given offset in the image file. The caller
selects the bands to be displayed and the specific color attributes, the screen location, and the size of the image window.



1.4 A C-++ Class Library

The file named TM_OPS.CPP is a C++ module containing the class TM_scene which consists of services for manipulating
Thematic Mapper image data in the header file and for obtaining geographic data usually required in image manipulations.
The following functions are in the TM_scene class:

TM_scene (void): This is the default constructor. In its present implementation it does nothing.

int open_header( char * ): Receives a pathname to the image header file. Returns 0 if the open operation failed, 1 if the header
is in NDF fonnat, 2 if the header is in FAST format, and 99 if the header is in an unknown format.

int image_data_int ( int ): Returns integer values from the ASCII data in the image header file. Function assumes that
open-header has been previously called successfully. The following data is currently obtainable: pixels per line, lines per
image, and number of bands present.

double image_data_dbl ( double ): Returns double precision real value from the ASCII data in the image header file. Function
assumes that open-header has been previously called successfully. The following data is currently obtainable: pixel size,
image orientation, geographical location of image center, top left comer, and lower right corner.

unsigned long point_offset ( double, double ): Returns the offset within a TM scene of an image point defined by its latitude
and longitude, in decimal form. The function calculates meters-per-degree of latitude and longitude at a given latitude using
the following formulas published in Bosditch, Volume 11, 1975:

mpd latitude = 111,132.09 - 566.05 Cos2A + 1.20 Cos4A - 0.002 Cos6A
mpd longitude = 111,415.13 CosA + 94.55 Cos3A + 0. 12 Cos5A

2. USING THE TOOLKIT

2.1 Accessing the Class Library

C++ code can access the class library by referencing the library file in an include statement, as in the following code line:

In main the code can declare an object of the class TM_scene, for example:

The following code fragment shows access to the open_header function in the class TM_scene, object scene_1:



2.2 Accessing the Primitives

C code that plans to use the library primitives must make certain that the compiler and linker are set to the LARGE memory
model. In Borland C++ the extern "C" directive is used to declare the assembly language procedures to be referenced in the code. The
declarations must take into account that C and C++ compilers append an underscore character to the beginning of the procedure
names. Therefore the assembly procedure _TM_SUBSCENE that appears in the CI_112A library modules is declared with the name
TM_SUBSCENE, as in the following code sample:

This declaration assumes that the structure named image_a appears in the code. In this case:



Once in main the code must declare a specific instance of the structure image_a. In this sample code line it is named fargo96.

In order for the code to access the TM_SUBSCENE primitive it first initializes the structure variables, for example:



At this point the primitive can be called like a conventional C function, for example, with the statement:

3. OBTAINING THE TOOLKIT

3.1 Current Version

The current version of the toolkit, named TM_PCD 1, includes the source and executable files mentioned previously, as well
as a sample program in C++ that demonstrates accessing the TM_scene class and the primitives in the VESA 112 library. A readme
file, also in the toolkit, provides instructions for installing and using the library and discusses some of the more commonly
encountered difficulties. The file name of the latest version of the toolkit and the location from where it can be downloaded can be
obtained by sending email to:

canton@plains.nodak.edu
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ABSTRACT

MultiSpec** is a multispectral. image data analysis software application. It is intended to provide a fast, easy-to-use means for
analysis of multispectral image data, such as that from the Landsat and SPOT series of Earth observational satellites, hyperspectral.
data such as that from the Airborne Visible-Infrared Imaging Spectrometer (AVIRIS) or the data that will be produced by the next
generation of Earth observational sensors such as the Lewis Hyperspectral. Imager (HSI) and Moderate Resolution Imaging
Spectrometer (MODIS). The primary purpose for the system was to make new, otherwise complex analysis tools available to the
general Earth science community. It has also found use in displaying and analyzing many other types of non-space related digital
imagery, such as medical image data and in K- 12 and university level educational activities.

MultiSpec satisfies the following design goals:

• The implementation should be on a readily available computer platform which has adequate processing power, but is
financially within the reach of any Earth science researcher (i.e., computer platforms < $5000).

• The system should be easy to learn and easy to use, even for the infrequent user, using the most modem of software
environments.

• The system should provide for easy import of data in a variety of formats, and easy export of results, both in
thematic map and in tabular form.

The more complete system is implemented under the Apple Macintosh@ operating system. A version that runs under the
Microsoft Windows@ operating system is under development specifically for the GLOBE program. The Windows version currently
contains a subset of the features that are available in the Macintosh version.

Though copyrighted, MultiSpec with its documentation is distributed without charge. The Macintosh and Windows versions
and documentation on its use is available from the World Wide Web at URL:

http://dynamo.ecn.purdue.edu/~biehl/MultiSpec/

INTRODUCTION

MultiSpec is a software application for analyzing multispectral or imaging spectrometer data such as LANDSAT MSS or TM
data or the data that will be produced by the next generation Earth observational sensors such as the TRW Lewis HSI and Earth
Observational System's MODIS, as well as data from current airborne systems such as AVIRIS. MultiSpec is implemented for
personal computers running the Apple Macintosh operating system including PowerPC or 680x0 based machines with or without a
math coprocessor. A version of MultiSpec is also implemented for machines running the Microsoft Windows 3.1 operating system.
The Windows version currently contains a subset of the features that are available in the Macintosh version.

The Windows version of MultiSpec will run under the Windows 95 and Windows NT operating systems as a 16-bit
application. The Macintosh version will run on any Unix workstation that contains the MAE, Macintosh Applications Environment,
package.

MultiSpec satisfies the following design goals:
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• The implementation should be on a readily available computer platform which has adequate processing power, but is
financially within the reach of any Earth science researcher (i.e., computer platforms < $5000).

• The system should be easy to learn and easy to use, even for the infrequent user, using the most modern of software
environments.

• The system should provide for easy import of data in a variety of formats, and easy export of results, both in
thematic map and in tabular form.

MultiSpec had its origin in the LARSYS multispectral image analysis system (Phillips, 1973) which was one of the first
remote sensing multispectral data processing systems, originally created during the 1960's. A number of the systems in government
laboratories, university research labs, and several commercially offered products are descendants of this system.

The original purpose for the development of MultiSpec was to provide an easy to use tool that could be used for teaching,
research, but especially, to provide the ability for researchers to try new techniques without having to program the algorithms. We use
it in our graduate level remote sensing courses to teach signal processing analysis techniques. Our graduate students use it to take
advantage of algorithms developed by previous students as they develop and study new algorithms.

The original LARSYS was designed with data in mind that had of the order of 15 or less spectral bands and with the intention
of discrimination between as many as 20 or so classes. The new implementation is intended to provide a better degree of
interactiveness and ease of use, and also deal effectively with the larger number of spectral bands (of the order of 100 to 200 or more)
of future sensor systems and a larger number of classes (of the order of 50 or more). The current version of MultiSpec has been used
for displaying and analyzing data of more than 200 spectral bands. However, it is envisioned that new processing algorithms will be
needed to deal optimally with this new, more complex data of the future. Thus, this present implementation, while useful in and of
itself, is an interim step toward achieving an effective processor for the future, as it currently contains only a few of the algorithms that
will be needed to optimally deal with high dimensional multispectral data of the future.

The package has been copyrighted to protect against misuse, but it is freely distributed to requesters by the least expensive
and most convenient means available. User interest has been significant. In previous years, several hundred requests for copies were
received, and copies were mailed to these requesters. Beginning in 1995, we made the software available via the World Wide Web.
Even though the software is free, we do request that users not give it to someone else but rather refer them to us or to the web page.
This way we can keep a record of who has the software. In the past 18 months over 1000 copies have been downloaded to users in 31
countries representing universities, government, commercial and K-12 institutions.

An unexpected outcome was that a substantial number of requests for MultiSpec came from teachers of the K-12 level. As a
result of this type of interest, a distribution license has been granted to The Consortium for Mathematics and Its Applications
(COMAP), a National Science Foundation funded program based in Lexington, Massachusetts, for use in their ARISE
(Applications/Reform in Secondary Education) program. This is a 5-year project to generate new mathematics curricula for grades
9-11. They report having incorporated MultiSpec into their new curricula as a motivating tool. Many requests for MultiSpec have also
come directly from secondary school teachers.

Development of a Windows 3.1 version of MultiSpec began in 1995 in support of the NASA/NOAA/NSF GLOBE program,
a program motivated by Vice President Gore to have K-12 children involved in the collection of environmental data. More than 3000
schools across the U.S. and 30 foreign countries have signed up to participate in the program. MultiSpec is used as a tool in the image
processing portion of the program.

TYPICAL PROCESSING SCENARIO

The analysis of (moderate dimensional) multispectral image data may follow any of a number of approaches and processing
steps, however, a perhaps typical generic list of steps might be as follows. After appropriate off-line preprocessing steps such as
radiometric calibration, geometric or cartographic adjustment, and reformatting, the researcher, in an interactive mode, might proceed
through the following steps.

1. Data Review. This is to gain general familiarity with a data set, its quality and general characteristics and is usually
done, at least in part, by viewing the data in color IR image form or side-by-side channel form. Thus some type of
image display is used first.

2. Class Definition. Definition of the class of material to be identified or the set of classes to be discriminated between
must be carried out. Some means for mathematically defining the specific class characteristics of interest is required



here. Often this is accomplished by the researcher labeling a small sample of the pixels from the data itself, as
representative of the classes of interest. The analysis process then becomes an extrapolation from these samples,
called training samples or design samples, to the entire data set.

3. Feature Determination. The specific features to be used in the analysis must be identified or calculated. This may
be simply a process of selecting an optimal subset of spectral bands, or there may be some calculation process to
combine bands in some useful way.

4. Analysis. The specific analysis algorithm is finally applied to the data set to carry out the desired identification or
discrimination.

5. Results Evaluation. Both quantitative and qualitative means are used to determine the quality and characteristics of
the results obtained.

The current implementation of MultiSpec provides at least some means for accomplishing each of these steps. The primary
point of departure is that the analysis desired is one that is relative in nature, meaning that rather than identifying a single class of
material in a subject vs. background mode, each pixel is to be assigned to a class based upon a judgment criterion relative to all
possible classes. This implies that enough classes must be defined so that there is a logical class to which to assign every pixel in the
scene, with the possible exception of a small number of pixels that will be determined by a threshold.

Further, the current implementation assumes that the classes are made up of sums of multivariant Gaussian distributions.
Thus tools such as histogramming and clustering are provided to assist in determining the modes of the data and to properly define
classes and subclasses that reasonably fit this assumption.

Finally, the current implementation is to be regarded as by no means complete. A number of new algorithms are under
evaluation or development to broaden the circumstances under which the system will be effective.

CURRENT CAPABILITIES

Capabilities of the current version of MultiSpec, released 7/30/96, include the following.

• Import data in either Binary or ASCII format with or without a header, and in Band Interleaved by Line (BIL),
Band Sequential (BSQ), or Band Interleaved by Sample (BIS) formats. The data may have either one or two bytes
per data value, and may have 4 to 16 bits per data value. In the case of two bytes per sample, the two bytes may be
in either order. MultiSpec recognizes several header formats including ERDAS 7.3 and 7.4, IMG, VICAR, Sun
"Screen Dump", GAIA, MacSADIE, TARGA uncompressed, TIFF uncompressed, LARSYS Multispectral Image
Storage Tape (MIST), MultiSpec ASCII classification and HDF formats.

• Display multispectral images in a variety of B/W or color formats using linear or equal area gray scales; display
(internally generated) thematic images also in B/W or color, with an ability to control the color used for each theme.
The channels in a multispectral image may be displayed as side by side gray scale images. See Figures 1, 2 and 3.

• Histogram data for use in determining the gray scale regime for a display or for listing and graphing.

• Reformat the data file in a number of ways, e.g., by adding a standard header, changing from any one of the three
interleave formats to either of the other two, editing out channels, combining files, adding or modifying channel
descriptions, mosaicing data sets, changing the geometry of a data set, and a number of other changes.







• Create new channels of data from existing channels. The new channels may be the result of a principal components
or feature extraction transformation of the existing ones, or they may result from the ratio of a linear combination of
existing bands divided by a different linear combination of bands.

• Cluster data using either a single pass or an iterative (isodata) clustering algorithm. Save the results for display as a
thematic map. Cluster statistics can also be saved as class statistics. Use of clustering followed by ECHO (Extraction
and Classification of Homogeneous Objects) spectral- spatial classification provides an effective multivariate
unsupervised scene segmentation scheme.

• Define classes via designating rectangular or polygonal training fields, compute field and class statistics, and define
test fields for use in evaluating classification results quantitatively. A feature called "Enhance Statistics" also allows
one to improve the extent to which the defined class statistics fit the composite of all data in the data set.

• Determine the best subset of spectral features to use for a given classification using (a) any of four statistical
distance measures or (b) a relative new method based directly upon decision boundaries defined by training samples,
or (c) a second method based directly upon the discriminant functions. Also included are methods especially
designed to search for narrow spectral features such as spectroscopic characteristics.

• Classify a designated area in the data file. Four different classification algorithms are available: use of minimum L1
or L2 distance, the maximum likelihood pixel scheme, or the ECHO spectral - spatial classifier. Save the results for
display as a thematic map, with or without training and test fields being shown. Apply a threshold to a classification,
and generate a probability map showing the degree of membership of each pixel to the class to which it was
assigned.

• List classification results of training or test areas in tabular form on a per field, per class, or groups of classes basis.

• Show the coordinates of a currently selected area, Figure 4. Show a graph of the spectral values of a currently
selected pixel or the mean ± one standard deviation for a selected area, Figure 4. Show scatter diagrams of data
from pairs of bands and ellipses of concentration for training sets or selected areas.

• Show a color presentation of the correlation matrix for a field or class. See Figure 5.

• Several additional utility functions including listing out a subset of the data e.g., for use externally, conducting
principal component analysis, etc.

• Transfer intermediate or final results, be they text, graph, color or B/W image, to other application programs such
as word processors, spreadsheet, or graphics program by copying and pasting or by saving and then opening the
saved file within another application.

Some new or unique algorithms are:

• ECHO (Landgrebe, 1980)

• Statistics Enhancement (Benediktsson, 1996; Shahshahani, 1994)

• Feature Extraction including decision boundary (Lee, 1993), discriminant analysis and projection pursuit (Jimenez,
1996).

• Statistics Image. See Figure 5.

• Classification Probability Map. See Figure 6.





The MultiSpec implementation is carried out in such a way that effectively the limits on the number of lines or columns of
the data, the number of spectral bands, etc., are those determined by the available disk and memory space. See Table 1.



SUMMARY

Taken together, these capabilities provide a state-of-the-art capability to analyze moderate and high dimensional multispectral
data sets of practical size. The MultiSpec application along with an eighty page document listing its capabilities in more detail and
providing tutorial exercises in its use and additional documentation are available via the World Wide Web at the URL given above in
the ABSTRACT.
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ABSTRACT:

Land cover analysis is a complex task requiring sophisticated tools to integrate information from a wide variety of data.
Digital image data from remote sensing systems and other sources are integrated to create regions of land cover, to label and interpret
the regions, and to resolve occurrences where more than one type of land cover is represented in the same spectrally defined cluster.
These data exist in various forms including text, tables, spreadsheets, images, and other types of graphics. An integrated set of
software tools, known as Infobase, supports a strategy for the flexible integration of spatial and nonspatial ancillary data into the
process of interpreting, refining, and describing land cover regions. The software provides a number of tools designed to develop a
fully linked spatial database by improving flexibility, data visualization, and repeatability.

The key features of the software are the object-oriented design of the system, flexibility in analyzing and visualizing diverse
data types, the collaborative work environment, and the inherent repeatability of user-intensive operations in the process of
postclassification refinement. The analysis process for land cover characterization is in the form of a multiple-feedback loop, where
current existing knowledge is combined iteratively with newly acquired knowledge. The advanced strategy includes methods that
assist, rather than replace, the analyst.

INTRODUCTION

Land cover analysis is a complex task requiring sophisticated tools to explore, visualize, integrate, and extract information
from a wide variety of data. Digital data from many sources are integrated in order to (1) create regions of land cover, (2) label and
interpret the regions, and (3) resolve occurrences where more than one type of land cover is represented in the same spectrally defined
cluster. Satellite images are typically incorporated in the analysis process as a data source from which information about the current
spatial and temporal patterns of the surface cover can be extracted. Furthermore, the process of characterizing land cover patterns from
satellite imagery can be improved by including other types of spatial and nonspatial data in a multisource approach (Jensen 1978,
1986; Hoffer and others 1979; Hutchinson 1982). Ancillary data are invaluable as aids to labeling, interpreting, and refining clustered
satellite data. These ancillary data exist in a variety of forms including text, tables, spreadsheets, images, and other types of graphics.

The process of characterizing land cover is strongly driven by the knowledge of the analyst (Brown and others 1993;
McGuire 1992). By viewing and linking a broad variety of spatial and descriptive data, analysts supplement their existing knowledge
in order to understand, interpret, and label land cover classes.

Typical geographic information system (GIS) tools support a part of the visualization and data analysis used in the land
characterization process. Although many sophisticated automated tools for spatial analysis are currently available in GIS and image
processing software, traditional tools frequently do not fully support transparent integration of different types of data. Many GIS and
image processing software systems do a good job of integrating gridded data layers but may not fully integrate other data types, such
as points, vectors, and text. Systems exist that integrate vectors, polygons, and point data, but are not generally well suited for linking
these with continuous raster data (for example, satellite imagery or digital elevation data).

In addition to the challenges of integrating continuous raster data with vectors, polygons, and point data, tools needed for
analyzing nonspatial ancillary data, such as databases and spreadsheets, are not always fully integrated within most GIS or image
processing systems; often separate software tools must be used for analysis. For example, an analyst may wish to visualize the
elevation distribution of a particular cluster, then divide the class into several parts on the basis of the respective elevation of the
pixels, and then display the newly created classes along with their elevation distribution graphs to check the validity of the
stratification. When separate software tools must be used to accomplish each task, the linkages between the tools handling spatial data
and the tools handling nonspatial data are not supported or facilitated. It is up to the analyst to integrate the information from disparate
data sources. Often the time that must be spent converting data types for transfer between software systems is a hindrance to
performing the necessary exploratory tasks. In addition, tracking the history of these kinds of tasks is further complicated when the
analyst is switching from one software tool to another.
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This paper presents an overview of a set of image analysis strategies and tools that improve image classification efficiency
and quality. The strategies and tools have been implemented in Infobase, a system designed to facilitate the flexible integration of
spatial and nonspatial data into the process of interpreting, refining, and describing land cover regions. These tools improve analysis
flexibility, data visualization, and repeatability to help develop a fully linked spatial database. In addition, the analysis strategy
supported in Infobase provides an information feedback loop between analysts working together by supplying sophisticated
documentation and tracking tools.

IMAGE CLASSIFICATION BACKGROUND

Remotely sensed data (that is, aerial photographs or satellite images) are frequently used to identify features on the land
surface through analysis of their spectral and spatial characteristics. Ancillary data are often integrated into the process to provide
evidence to support the development of appropriate labels for land cover regions and to solve instances when two or more disparate
land cover types are not differentiated by their spectral characteristics (Jensen 1978; Tom and others 1978; Hoffer and others 1979;
Walsh 1980; Hutchinson 1982; Richards and others 1982). Ancillary data in postclassification refinement provide additional
information for (1) interpreting land cover patterns, (2) describing and labeling classes, (3) solving instances of class confusion, and
(4) improving the accuracy of a classification (Brown and others 1993). With the advent of digital analysis techniques, researchers
have experimented with more automated ways of incorporating both remotely sensed data and supplementary digital data into the
characterization of land cover (Srinivasan and Richards 1990; Wang and Civco 1994).

The image interpreter or analyst plays an important role in the classification process, assigning a label to each land cover
class. Studies have shown that different analysts often reach different land cover interpretations (McGuire 1992). However, expert
knowledge of the image interpreters or analysts can also be considered an important form of ancillary information. In a collaborative
work environment, analysts may find that the results improve when expert knowledge can be more easily exchanged.

The process of integrating ancillary data into the postclassification refinement process is user intensive. The challenges are
magnified over large study areas, where the number of useful information classes is increased, and the variation in the data magnifies
confusion between land cover types. This became evident during the process of constructing a land cover database of the
conterminous United States (Loveland and others 1991; Loveland and others 1995). The methods employed clustering a time
sequence of advanced very high resolution radiometer (AVHRR) satellite data. The postclassification analysis flow contained several
feedback loops where ancillary data were incorporated into various steps for refining the clusters (for example, visualization, refining
labels, splitting, and combining clusters). A 'convergence of evidence' approach was used in which each cluster was examined
iteratively in a refinement loop (fig. 1). At the output end of the loop, each cluster had been interpreted, refined, labeled, and
incorporated into the land cover database.

Because multisource data exist in various forms (table 1), the steps within the postclassification analysis required the use of
several separate automated functions for visualizing and integrating data. The types of data analysis tools used included spreadsheets,
graphics visualization, databases, image processing, and GIS's. In a processing environment where software tools are not integrated, a
great deal of time is spent transforming the data from one format to another. In addition, with typical GIS and image processing tools,
each time a cluster is split or merged several new image files must be created: a mask image (usually in the form of a binary array), a
raster image that contains only the class under analysis, and an image which contains the altered output cluster or clusters. With each
step, a potentially large image file is created. This creation of many temporary image files for each step of the loop can strain
computer disk resources and contribute to confusion in tracking progress. This problem is further exacerbated when the image files are
large.



The requirement for improved tools for visualizing and analyzing disparate data types is recognized in the scientific
community (Arrott and Latta 1992; Botts 1993). Several phenomena have contributed to this need for sophisticated tools: (1) the
amount of spatial and nonspatial data available to researchers has increased immensely, (2) computing power and disk storage have
become less expensive, allowing analysis of greater quantities of data, (3) strides in computing software have inspired creativity in
research visualization (Botts 1993) and, (4) the limitations of multispectral image classification. However, there are gaps in
functionality and integration in existing tools. Research facilities frequently develop their own software applications because existing
commercial software is not flexible enough or is too difficult to learn (Botts 1993). In addition, analysis and visualization of spatial
data render unique storage and access problems due to large data volumes. Because geographic data frequently have both spatial and
nonspatial (object) components, flexible, object-based representation of the data is needed (Gahegan and Roberts 1988).

INFOBASE PROJECT

Following the compilation of the conterminous U.S. land cover characteristics data set (Loveland and others 1993) and the
evaluation of the data's utility in environmental modeling (Steyaert and others 1994), scientists at the U.S. Geological Survey's
(USGS) EROS Data Center and the University of Nebraska-Lincoln expanded the land cover project to a global scale. The need for an
advanced strategy using sophisticated, integrated tools became apparent as many of the analytic challenges became more serious when
working with larger areas that had less consistent data availability (Brown and others 1993). To address the need for specialized
analysis tools, the USGS, together with the U.S. Forest Service (USFS), the Central Intelligence Agency's Office of Research and
Development (ORD), and the National Information Display Laboratory (NIDL), cooperatively began the Infobase project.

Infobase was funded under the 1991 Congressional Dual Use Initiative, which had the goal of transferring defense and
intelligence community technology to the civilian sector of government. The project sponsor was the ORD, Washington, D.C., and the
civilian cooperators were the EROS Data Center, Sioux Falls, S. Dak., and the Intermountain Fire Sciences Laboratory, Missoula,
Mont., of the Intermountain Research Station, USFS. The NIDL at the David Sarnoff Research Center, Inc., Princeton, N. J.,
conducted the software design and development. The roles of the USGS and the USFS were to drive the requirements of the system, to
provide guidance and feedback on the product during the development phase, and to evaluate the utility and viability of Infobase at the
conclusion of the system development.

The Infobase system operates on a Sun workstation. Software packages that compose Infobase include VERSANT ODBMS
for object oriented database management, Land Analysis System (LAS) for image processing functions, Interactive Data Language



(IDL) for visualization, and original software developed for Infobase. VERSANT and IDL are commercial software packages and
LAS is a government product.

The tool set provides software application tools, an information organization, and a database design that supports flexibility
and repeatability for projects in which researchers analyze remotely sensed data with ancillary information. Infobase does not replace
the usual suite of image analysis tools available in typical image processing and geographic information systems. Rather, it performs
functions that are complementary to those systems for applications that require extensive analysis of disparate input sources. Infobase
has supported several applications, including global land cover characterization at the EROS Data Center, forest cover assessment at
the USFS Fire Sciences Laboratory (Burgan and others 1994), and data analysis for national security activities.

The USGS is looking for opportunities to commercialize the Infobase system. For a successful marketing strategy there must
be (1) a viable and growing user community, (2) a core software that is supportable, and (3) an active group of software developers. In
support of that activity, the EROS Data Center hosted the initial meeting of the Infobase Users Group in August 1996.

SYSTEM FEATURES

The key analytic components of the system include (1) its object-oriented design, (2) flexible tools for analyzing and
visualizing diverse data types, and (3) the inherent repeatability of user intensive operations in the process of postclassification
refinement.

Object-oriented database

One key element is an integrated object-oriented design to manage data and the processes that are applied to the data objects.
The software maintains the various data elements, the processes applied to them, and the relationships between them as objects in the
database. The analyst is able to access and manipulate data objects in a flexible fashion while documenting and maintaining the
decisions that are made during interactive analyses as history process objects. The history objects can then be accessed for future use
or to provide documentation of the processing. The importance of the object-oriented database approach extends beyond linking the
processes and data. A working database consists of all the objects in the database, including sensor images, thematic images, ancillary
data, derived information, and process definitions. The analyst can make use of this entire body of information for interpretation and
labeling. For example, the user can supplement class descriptions with attribute information derived from co-registered ancillary data
and attributes.

Flexibility

Multisource data analysis requires working with many different data types and performing diverse operations within an
integrated environment for investigation. Data types such as numerical (for example, digital elevation models, sensor images) and
thematic raster images (for example, land cover classifications), text (for example, ecoregion descriptions), vector linework (for
example, digital line graphs) and point observations (for example, ground observations) are all readily incorporated into the Infobase
database and procedures can be applied to identify links and relationships between all types.

Although some analyses are common to many image processing or geographic information systems, other procedures
ordinarily require specialized software outside of the conventional analysis flow. For example, analysts may have to use a database
software package to combine image analysis results with associated nominal text attributes or a graphics package to display line
graphs of multi-spectral data. Visualization tools, such as graphing histograms and co-registering different data types, provide
powerftil ways to view data dimensionality, interrelationships, and heredity (lineage). Infobase incorporates several software packages
and integrates them in a manner that is transparent to the user, leading to greater flexibility, convenience, and efficiency. Infobase
provides a set of tools for data handling, analysis, and visualization to support intensive user interaction and the interchange of expert
knowledge that can be incorporated in land cover analysis.

The advanced strategy of multisource data analysis is most effective when analysts are allowed simultaneous access to the
database. Each analyst can record his or her expert knowledge about a cluster and attach it as a cross-reference. These comments are
easily accessible to all the analysts using the database. In this way, the knowledge of all the analysts is combined and, thus,
strengthened.

Repeatability

A key aspect of conducting complex multisource analysis is the careful documentation of the process. This difficult and often
neglected task is usually performed either by taking notes or by automatically recording keystrokes that are associated with a data file.
Hand-written notes have the advantage of flexiblity and incorporation of the interpreter's comments , but the disadvantage of



inconsistency. Keystroke recording has the advantage of being thorough, but the disadvantage of sometimes recording insignificant
information, making the discrimination of useful information difficult. In addition, because the expert knowledge of the analyst is not
recorded during this automated process, crucial information might be omitted.

Infobase seeks to take advantage of the positive aspects of the two more common methods while reducing the negative
aspects. Each object in the database is accompanied by cross-referenced history objects. Each history object provides a tracking
mechanism for procedures that have been applied to the object. A history object does more than just provide a record of each past
process for an object. It allows the user to automatically reconstruct any process that was previously performed. The analyst can easily
retrieve the analysis task (by means of a cross-reference) that contains the exact parameters used in the task. Not only does this
support easy reconstruction of an analysis step, but it also makes mid-analysis corrections more efficient. In addition, the comments of
the analyst can be recorded easily in a text window and attached to the history object through a cross-reference, permitting easier
access to collaborative information.

Overview of Infobase Tools

In the Infobase tool set structure, the analysis tasks fall under eight broad categories of tools. The eight tools include FILE,
DATABASE, POINTS/DATA SET, VISUALIZATION, THEMATIC, EXPLORATION, FEATURE EXTRACTION, and
REGISTRATION. The FILE and DATABASE tools contain basic input/output and data handling tasks. 'Me FILE tool permits the
import and export of generic format raster, vector, text, and point data. The Import tasks allow the user to read specific types of data
files and store their contents in the database. The Export tasks complement the Import tasks by allowing the user to write database
objects into specific types of output files. The DATABASE tool provides tasks to store, query, and access various types of data stored
in the database.

The VISUALIZATION, EXPLORATION, THEMATIC, and FEATURE EXTRACTION tools provide mechanisms for the
analysis and manipulation of database objects. The VISUALIZATION tool has several tasks which permit viewing image data and
data relationships including image display, histograms, and scatterplots. The VISUALIZATION tool also has a pathway for using
S-Plus and IDL software functions. The Plot Histogram task, for example, can be used to show the distribution of any image data
which is co-occurring with a land cover class under analysis.

The THEMATIC tool includes tasks that modify existing thematic images or objects by merging or splitting subregions on
the basis of attributes, characteristics, or relationships to other objects. Tasks for exploring the relationships between different thematic
or subregion objects, including statistical as well as spatial relationships, are found in the EXPLORATION tool. Feature Extraction
tasks are primarily analyses of time-series data and reporting the analyses into summary statistics and graphical interpretation.

Two special function tools are the POINTS/DATA SET tool, which contains input, data handling and analysis of point data,
and the REGISTRATION tool, which contains interactive, graphical registration tasks.

IMAGE CLASSIFICATION REFINEMENT PROCESS

The land cover characterization process involves several steps: clustering multispectral data, building a database, performing
an initial assessment of clusters, and refining and labeling the output land cover regions. The following work flow is based on real
examples in the development of the North America Land Cover Characteristics database. Loveland and others (1996) describe the
methods and contents of this database in more detail.

Unsupervised Clustering

The postclassification stage of the North America database development began with 100 clusters created with an
unsupervised clustering method. AVHRR satellite data from the global I km data set (Eidenshink and Faundeen 1994) provided the
input to the clustering algorithm. Each data period of the global 1 km data set consists of data collected during a 10-day period, using a
compositing algorithm to derive a maximum value normalized difference vegetation index (NDVI). The project team processed the
data into monthly maximum value NDVI composites that were masked to block out nonvegetated land and water and then put into the
clustering algorithm. Thus, cluster membership was dictated by the characteristics of 12 monthly NDVI values, which represent the
seasonal pattern of surface greenness for each l-km pixel.

Database Preparation

After the clustering step, a new Infobase database is created. The clustered image and other ancillary data are imported into
the database to help label, interpret, and refine the clusters. Table 2 shows twelve ancillary data layers used in the postclassification
refinement of the 100 North American clusters. All ancillary data were georegistered to the same map base (the Interrupted Goode



Homolosine projection) (Steinwand 1994). In the first stage of postclassification analysis, each cluster was examined and assigned a
preliminary label using the analysis features described and the multisource method.

Initial Cluster Assessment

This step involves several tasks that can be carried out in a flexible manner, in an order chosen by the analyst, to accomplish
the following:

1. develop information links between the clusters and the ancillary image data (for example, elevation, soils, and use,
ecological regions),

2 extract temporal or spectral information for the clusters,

3. create graphs which portray numerical relationships among data types (for example, histograms, scatterplots, etc.),
and

4. visualize the spatial extent of individual classes in relation to other ancillary data layers.

Linkages are created by using EXPLORATION tasks in Infobase (for example Calculate Statistics, Calculate Coincidences).
Calculate Statistics yields measures of central tendency and dispersion for subregions based on other ancillary data. For example,
computing the elevation distribution for a class using a digital elevation image gives an analyst useful information about the
topographic environment of that class. Calculate Coincidences computes the co-occurrence of the pixels in the cluster with other
thematic ancillary data sets. Ecoregions or land use ancillary data often prove especially useful in providing descriptive information to
help label a cluster.

Infobase contains a sequence of FEATURE EXTRACTION tasks designed to analyze the time-series NDVI data for
individual cluster subregions. Intersect Subregion and NDVI Sequence preserves the data in a scatter plot data set for visualization.
The NDVI data are smoothed and a spline curve data set is created. The spline data set is then used as input into the Extract Temporal
Features task. This task extracts characteristics relating to vegetation activity from the time-series NDVI curve (for example, time of
onset, time of maximum, maximum value, and so on). Previous research has shown these features yield important information about
vegetation type and condition (Reed and others 1994) that are useful in the characterization process.

The VISUALIZATION task, Plot Histogram, allows users to plot a frequency distribution of ancillary data for a subregion.
This may be particularly useful for elevation or spectral ancillary data. The Image Window in Infobase is especially flexible. Analysts
can overlay the cluster image under analysis with vectors, points, or with subregions from any coregistered ancillary data set. The
analyst can view complex spatial patterns of many diverse data types. All these tools help users to understand complex relationships



between a cluster and other ancillary data in an integrated environment. This provides evidence to support applying a particular class
label. Users working in the database can share the results of their analysis, applying their combined knowledge to arrive at cluster
labels. Once a cluster has a preliminary label, users make decisions about how to proceed with postclassification refinement. If the
cluster is relatively pure (that is, if it represents one land cover type well), then the class may be incorporated into the database without
further refinement. However, frequently a cluster will require further subdivision or refinement.

The following example shows one of the North America clusters proceeding through evaluation, labeling, and
postclassification refinement. Original cluster 21 is located in Canada and Alaska areas (fig. 2). Ancillary information, such as digital
vegetation cover, paper copies of national and regional vegetation and land cover maps, and satellite scenes collected from the Landsat
sensor were used to assist the labeling process. For example, the results from running Calculate Coincidences with an ancillary data
layer of Canada Land Cover (Pokrant, Palko, and Lowe 1991) are shown in fig. 3. The highest percentage of co-occurrence was in the
subregion labeled Transitional Forest (Canada Land Cover number 4). The following initial labels were given to these regions:

21a. Low shrub and wet herbaceous (Alaska)
21b. Moist shrub tundra, scattered black spruce (south of Hudson Bay)
21c. Subalpine shrubs (U.S. and Canadian Rocky Mountains)

Cluster Refinement

Infobase tools were used to stratify the three parts of the cluster into three separate land cover regions. The suite of tools used
to perform cluster splits and merges allowed users to refine the object, cluster 21, without having to process any other pixels in the
cluster image.

The stratification of 21b was created using the tool Intersect Subregions. First, the appropriate ancillary data set was selected,
in this case the "North American Ecoregions Level IY (Omernik 1995). Based on their spatial location and general vegetation, five
North American Ecoregions polygons were merged together to form a "mask" region, as follows:

7 Taiga Plain
8 Southern Arctic
9 Taiga Shield
12 Arctic Cordillera
14 Boreal Plain

Then the ecoregions mask was used to separate region 21b from the rest of the cluster by intersecting the two (fig. 4). The
remaining portion of the cluster (21ac) had a distinctive elevation distribution, shown in fig. 5. Further visualization revealed a
particular geographic pattern for both the low- and high-elevation pixels. The pixels with high elevations occurred in the Rocky
Mountains, and the pixels with low elevations occurred in the lowlands of western Alaska. Therefore, the next step in cluster
refinement (splitting apart 21a and 21c) could be implemented using the tool, Split by Threshold, and digital elevation data. Figure 6
shows the active task window where two new regions (21a and 21c) were created applying a threshold value of 940 meters.

Following the refinement stage where clusters have been stratified until they represent a single land class, a merging step may
be necessary. During this step, cluster subdivisions are merged together (using the Merge Subregions task) if they meet the following
criteria: (1) they are spatially cohesive, (2) they represent similar land cover, and (3) they have the same characteristics in terms of the
ancillary data.

After subdividing cluster 21 and the other North American clusters that required further refinement, analysts evaluated each
of the strata once again using the same methods. For each stratum, they decided whether to leave it as is, whether to merge with
another stratum, or whether it required another stratification step. The iterative nature of this method assured that each land cover
region was evaluated by several different interpreters, to ensure some internal consistency. Figure 7 shows the result of one such
merge (21b and 17b). Both regions were spatially cohesive, reflected similar ancillary data characteristics, and represented similar
land cover. Plots of the time-series NDVI data (fig. 8) and elevation statistics (table 3) for 21b and 17b showed very similar
characteristics in both regions. These were used, in addition to other characteristics, as justification for merging the two. Each action
of analysis and refinement was stored in the database as a History Object (fig. 9) cross-referenced to the appropriate class. Thus, any
users can access the history of a class and examine the processes involved to improve their knowledge or to check for quality
assurance.



Final Labeling

When a cluster has been split (and possibly subsequently merged with another cluster), users must again link with the
ancillary data to designate a final label for the class. A final land cover image is created and exported from the database using the
Make Thematic task.

Analysts visualized, evaluated, and refined 100 clusters in the construction of the North America Land Cover Characteristics
data base over a 6-month period. The multisource analysis strategy produced a data base containing 205 seasonal land cover regions.
The North America database has been released to the scientific community for integration in a variety of earth science applications.

SUMMARY

Advanced methods are necessary to understand the complex relationships between satellite and ancillary data and achieve
successful land cover characterization. The techniques in data exploration and visualization that are supported within the Infobase tool
set permit an efficient, sophisticated, and integrated analysis of these relationships in the data for postclassification refinement. The
key analytic components of the system include (1) the object-oriented design, (2) flexible tools in analyzing and visualizing diverse
data types, and (3) the inherent repeatability of user-intensive operations within the process flow.

Image classification techniques that are based on automated or "canned" processes may afford simpler, more efficient
methods for extracting information from spatial data. However, the interaction of the analyst remains the key to successful
postclassification analysis of large areas because of the complexity of the decision process, the diversity of ancillary data, and the
requirement for expert knowledge and reasoning. The decision process is also often in the form of a multiple feedback loop, where
currently existing knowledge is combined iteratively with newly acquired knowledge. Therefore, the preferred solution is found in
methods that assist rather than replace the analyst in the land cover characterization process.
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Figure 2. Location of original cluster 21 (pixels are highlighted in red.)



Figure 4. Intersection of region 21 b (shown in red) and the five ecoregions used as a mask (shown in shades of gray).





Figure 7. Region 21 b (shown in purple) and region 17b (shown in pink) were merged together.
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ABSTRACT

This paper demonstrates how satellite images and other geographic data can be used to estimate the determinants of land use.
A cross-section model is estimated with data from central Mexico. Parameters from the model are used to examine the effects of
reduced human activity. If variables that proxy human influence are changed to reflect reduced impact, "forest" and "scrub" areas
increase and "irrigated crop" area declines.

INTRODUCTION

It has been alleged that building new roads in developing countries exacerbates the rate of deforestation by making access to
forested areas less costly. Anecdotal evidence is sometimes presented to support this allegation. For example, as the Brazilian road
network expanded into the Amazon rain forest, deforestation increased dramatically. However, more general empirical evidence of
this effect is scarce because data on changes in forest area are notoriously bad or lacking.

Underlying this concern is an implicit model of human behavior that relates the use of a particular parcel (e.g., forest, crop,
desert, urban) to the parcel's resource endowment and location. This paper presents an economic model of the determinants of land use
with roots in the work of von Thunen and extending a theoretical model developed in Chomitz and Gray. Data on land use are derived
from satellite images and combined with other geographic information to estimate the model. The empirical results are used to
simulate the effects of changes in human activity.

Satellite images greatly increase the resolution of spatial data on land use, but provide no new data on socioeconomic
variables. The challenge is to develop empirical models that incorporate rich spatial geophysical data with sparse socioeconomic data.
This paper provides such a model and econometric estimates for a location in central Mexico.

AN ECONOMIC MODEL OF LAND USE

A given parcel of land has a variety of potentially productive resources (G) associated with it. These resources might be
vegetative (timber, productive soil), mineral, or location-based (e.g., proximity to a harbor). We assume these resources will be used if
it is profitable to do so. The parcel operator chooses the land use with the highest net present value. If a given land use has a single
marketed product, the net present value of that land use, its net present rent (Rhl) at time T is:

where P and Q are price and quantity of output, C is a vector of input costs, X is a vector of inputs under operator control and
i is the discount rate, all for each land use h at location 1 at time t. The land use chosen at time T has the highest RhlT.
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http://www.uiuc.edu/ph/www/g-nelson/papers/lu_paper/description.htm.



For this analysis, we have only cross-section data, meaning that we have no data on changes in prices or temporal changes in
land use. However, we observe changes in land use across space. To take advantage of this fact, we construct proxies for location-
specific P and C, following Chomitz and Gray, based on cost-of-access measures.

Dhl - a measure of least cost access to parcel h for land use l.

We expect that location-specific output price falls as access cost increases (γ1hl < 0) and location-specific input cost rises
δ1hl > 0) for land uses with marketed output (see Nelson and Hellerstein for further discussion).

Making certain assumptions about production technologies, we can combine (1) and (2) and derive:

Given standard hypotheses about the underlying parameters, we expect no and the n1 vector to be negative, n2 to be positive
for G ordered so that an increase in G increases output per unit of land, and n3 = -1:. Parcel h will be devoted to land use k if

If the u are Weibull distributed and uncorrelated across land uses, then (3) is equivalent to a multinomial logit model where:

For estimation, the V vector consists of three sets of variables; G - site-specific geophysical variables, C - cost-of-access
variables, and S - spatial effects geophysical variables.

DATA SOURCES AND MANIPULATION

The land use data in this paper are derived from a satellite image of Central Mexico taken by the multispectral sensor of
Landsat satellite 3 on 4/21/73. The region is characterized by high plains and higher mountains. The average elevation is 2,350 meters
and the highest point is 3,850 meters.

At the time the image was taken, only irrigated fields had any crop cover. Much of the land is devoted to dryland agriculture
and it is quite common to see a small field on a hillside next to an uncultivated area of scrub brush and stones. Parcels on hillsides are
less likely to be cultivated. Goat grazing and fuel wood gathering are common in the hills. In the ejido land tenure system in Mexico,



cultivated areas are associated with a specific individual, while grazing and forest areas are more likely to be communal lands with
relatively open access allowed for members of the local ejido.

Data collection at the location of the image was not possible. Hence, land use must be identified from satellite images, other
digital data, and qualitative analysis based on a brief visit to the location. Inspection of the false color version of the image suggests
that most irrigated cropped land is located in the northwest comer of the image. Forests are located primarily on the tops of high
mountains and ridges, especially in the south. The location of several lakes is also clear. From the false color image it is not possible
to associate land use with other parts of the image with much confidence.

The IDRISI software's unsupervised analysis routine (IDRISI Technical Reference, Richards) was used to identify seven land
use categories (Figure 1). Based on standard remote sensing color interpretations and some knowledge of the region we infer that the
land use associated with cluster (category) 6 is primarily forest; cluster 7 is primarily irrigated cropped land. Visual inspection plus
knowledge of the region suggests that uncultivated scrub land on hillsides is often in category 4 and cultivated dryland area is in
category 2.*

                                                       
* Some misclassification is evident. Some areas that appear forested in the false color image were classified as irrigated areas.

In addition, at least one lake was put into category 1 and another into category 2. Bodies of water in this area carry high sediment
loads and aquatic plant life.



We use six geophysical and three socioeconomic variables. The geophysical variables are elevation, slope, soil, potential
intensity of solar radiation, a dummy equal to I for north-facing slopes, and a dummy equal to I for flat pixels. A seventh geophysical
variable designed to capture spatial effects is discussed below. The socioeconomic variables are cost of access to nearest road, large
population center, and village.

Slope and aspect can be computed from elevation data provided in the NALC data set. Because this part of Mexico is north
of the equator, north-facing slopes receive less solar radiation than south-facing slopes. Therefore, we converted the aspect data into a
dummy variable for north-facing slopes. Slope and elevation data can be combined with information on the sun's elevation and
azimuth to calculate the intensity of solar radiation on each location. This "shade" variable has a range from 0.3 to 1.3.

The raw soils data (provided by Norman Bliss, EROS Data Center) were transformed into a discrete index (I to 9) with one
for least productive soils for annual crop production and nine for most productive soils (personal communication, Hari Eswaran,
USDA soil scientist).*

Three variables were included to measure different kinds of access - to nearest road, to nearest large population center and to
nearest small population center or village. The locations of roads and population centers were derived from vectors in the Digital
Chart of the World (Defense Mapping Agency). The IDRISI Costgrow module calculates the least cost route to the nearest feature
(e.g., road) by traversing a friction surface. We constructed the friction surface from the square root of the slope (in degrees); the
larger the square root of the slope, the greater the cost of traversing a location**. Rivers and lakes were added as barriers in the friction
surface. The road cost-of-access variable is most relevant for mechanical transport activities, say by truck. The village cost-of-access
variable is most relevant for activities done by foot or animal traction. Examples include collecting fuel wood and cultivating small
plots.

SPATIAL ECONOMETRIC ISSUES

An important econometric issue is how to deal with spatial autocorrelation and spatial heterogeneity. Spatial autocorrelation
is similar to time-wise dependence, but is complicated by the two dimensional and multidirectional nature of dependence in space.
Spatial heterogeneity "is related to the lack of stability over space of behavioral or other relationships under study" (Anselin, p 9).***

Both heteroskedastic errors and spatial dependence in the error term cause inefficient but asymptotically unbiased estimates
of P. Since the data set used in estimation has over 26,000 observations, the potential for these effects is ignored in this paper.
However, the inclusion of spatially lagged variables can lead both to inefficiency and biased parameter estimates.

The above discussion is based on analyses with a continuous left-hand-side (LHS) variable. The econometric theory of spatial
effects with a qualitative LHS variable (land use) is still in its infancy. However, we expect a potential for biased results if we do not
correct for spatial dependence. Moran's I is sometimes used to detect the existence of spatial effects (see Anselin, p 101). It is similar
to a correlation coefficient with a range of -1 to 1 if W is row-standardized.

Using a queen's case weight matrix (eight neighbors are included), I is .9 10 for the full image (with over 2.5 million
locations). For the sample used in estimation, I is .472. Whatever significance test is used, these values are significantly greater than 0,
suggesting the likelihood of spatial dependence.

                                                       
* Because the number of discrete soil regions is less than the number of pixels, the soils index is only a rough indicator of the

productivity of the soil at a location.
** The choice of the square root of slope is arbitrary.
*** The general expression of spatial effects is (Anselin, p 34):

The W's are spatial weight matrices with W, capturing spatial dependence of y, and W, capturing spatial dependence in the
error term. The diagonal elements of the error covariance matrix Ω  are Ω ii = hi(zα); hi > 0. The z vector is exogenous variables that
cause heteroskedasticity. If α = 0,h = σ2 (i.e., homoskedastic errors). It is usually assumed that Ω ij = 0∀ j ≠ i.



To correct for this potential bias, we combine two approaches. First, following Haining (pp 131 -133) we use a coding
scheme, selecting a sample from the full data set so neighboring pixels in the sample are 10 pixels apart in the full data set. Second, we
construct a variable based on the normalized vegetative index (NDVI) value for each neighbor. This approach assumes that the spatial
effects are associated with vegetative cover. The proxy lag variable is defined as:

RESULTS

In the first part of this section, we discuss predictive power. In the second, we simulate the effects on land use of changing
access cost.

Approaches to Assessing Predictive Power

Table 1 reports summary statistics for the best of four permutations. The permutation using access cost and unlogged values
of all geophysical variables has the highest pseudo W value and the smallest condition numbers (a measure of multi-collinearity;
values greater than 30 suggest existence of multicollinearity).

As Greene (199 1) points out (p 477), the multi-nomial logit model proliferates betas. Since we have seven land use
categories and 11 right hand side variables, there are 77 betas. However, the model is underidentified unless the betas for one of the
categories is known. We follow standard practice and choose category one as the base and set its betas to zero (Greene, 1993, p 666).

We also estimate the marginal betas; that is, the effect of a one unit change in a RHS variable on the probability that a
location is in a given category, and their asymptotic significance (see Greene, 199 1, p 478). Table 2 reports the marginal betas for
categories 6 and 7, evaluated at the mean of the RHS variables for those categories (rather than the mean for all categories as is com-
monly done). In other words, we ask the hypothetical question, for a location with geophysical and socioeconomic characteristics
equal to the mean of those for the forest (irrigated crop) locations, what is the effect of a change in the RHS variables on the
probability that this location is forest (irrigated crop) area. For the most part, the effects are as expected. An increase in the cost of
access to roads (RDCost) and villages (PNTCost) reduces the probability that a location with irrigated crops will remain cropped and
increases the probability that a forested location will remain forested. The effect of access to large population centers is ambiguous in
sign but does not differ significantly from zero for either category.



Another assessment of predictive power can be derived from the prediction matrix (similar to the confusion matrix used in
remote sensing). Each location is assigned a predicted category (the category with the highest probability). The matrix rows show the
number of locations actually in a given category; its columns show the number of locations predicted to be in a given category.
Diagonal elements are correct predictions.



Several measures of classification accuracy have been proposed in this literature based on the confusion matrix (Congalton,
1991 as reported in Richards, p 272). We report four here - average, producer, and user accuracy, and kappa (κ) (Table 3). "Average"
accuracy (Aa) is the sum of the diagonals divided by the number of observations. The next two assessment statistics are for individual
categories. "Producer" accuracy (AP) (Congalton, 199 1) is the probability that the actual value is predicted correctly and is the
diagonal element of a row divided by the sum of the row values. "User" accuracy (Au) is the probability that a prediction is correct and
is the diagonal element of a column divided by the sum of the column values. Aa is essentially a weighted average of the two
measures.

The final measure of accuracy from the remote sensing literature is kappa (K):

The overall indicators of accuracy (average and K) are similar in value to the pseudo R2 statistics reported earlier. The
producer and user accuracy measures suggest that the model is much better at predicting some categories than others. The best
performance is for categories six (forest) and seven (irrigated crop).

A drawback of the prediction matrix and related indicators of accuracy is that they do not show the "strength", or power, of
the predictions. A pixel can be assigned to a category with low predicted probability, if the probability values for the other categories
are even smaller. To assess predictive power, two statistics based on probability values - the maximum value and the correlation with
other probability values - can be used.

The highest probability value for a land use category gives an indication of the strength of the model in identifying locations
in that category (Table 4). The maximum value for category I is 0.657 and for categories 2 and 3 the highest values are less than 0.6.
Categories 6 and 7 have high maximum values (> 0.99), and the high skewness and kurtosis values suggest a bimodal distribution of
probabilities.



A correlation matrix for the probability values can be used to indicate the model's discriminatory power. If the classification
probabilities of two categories have a large positive correlation coefficient across all data points, the model discriminates poorly be-
tween them. Large negative values suggest strong discrimination power. The results suggest that the model does not discriminate well
between categories I and 3, 2 and 4, and 3 and 5 (correlation coefficients of .42, .59, and .69). However, categories six and seven are
strongly identified (large negative correlation coefficients except with each other).

A qualitative approach to assessing predictive strength is to plot the probability values for each category as an image. Figure
2 shows the probability images for land use categories 1, 2, and 3 in the top row and categories 5, 6, and 7 in the bottom row. A
probability of zero is black, a probability of one is white, and shades of grey indicate intermediate probabilities. It is evident from this
image that the model gives especially strong predictions for locations in categories 6 and 7. Where a location is predicted to be in
these categories, the probability value is high (close to pure white).

To summarize, whether using the pseudo W measures, the prediction matrix and derivative statistics, or the strength of
prediction measures using the probability values, the model's overall predictive power is moderately good. In addition, at a
disaggregated level, the model predicts categories 6 and 7 well.

Effects of Increasing Access Cost

The econometric results can be used to simulate the effect on land use of changing access costs. For illustration, we increase
the cost-of-access variables at each location by the maximum in the sample and reestimate the probability values and predicted values
at each location (Table 5). Figure 3 displays probability images for six land use categories (categories I to 3 and 5 to 7) when the cost
of access to the nearest road is increased by the sample maximum.



We highlight the results that affect categories 6 and 7, the areas identified as forest and irrigated crops. For an average pixel
in the whole sample, changing the road access cost increases the probability that it is forested (Table 5). Using the prediction matrix
approach to allocate pixels to categories, the change in road access increases forest pixels by 20 percent and decreases irrigated crop
area by 16 percent. Increasing the access cost to large population centers has a similar, but smaller effect on forest area. The effect on
irrigated area is positive; the probability that an average pixel is irrigated goes up slightly as does the predicted number of irrigated
pixels. Increasing the cost of access to the nearest village has apparent perverse effects on forest area. For the average pixel in the
whole sample, the increased cost actually reduces the probability that it is forested. However, if we examine just category 6 (forest)
pixels, the changed access to village has almost no effect on the probability of being forested (the probability drops from 0.681 to
0.671) and the number of predicted pixels drops by less than 9 percent. Furthermore, the cost-of-access change increases the
probability that a cropped pixel will become forested (from 0.350 to 0.423). The predicted number of crop pixels drops by almost 50
percent. The most dramatic effect of increasing the cost of village access is in category 4, "brush" (Table 5 and Figure 4). The
probability that a pixel is in this category increases dramatically for all categories. The number of pixels assigned to this category
increases ten-fold.



Without direct observations on the ground, any interpretation of these results must be viewed with caution. Nonetheless, the
results suggest that the development of roads in this location does have a significant effect on agricultural land use and deforestation.
Roads seem to influence locations most near currently forested areas. Removing roads allows forests to "grow" back down moun-
tainsides. Removing roads also reduces the probability that irrigated crop land will remain irrigated. Removing villages has little direct
effect on forest pixels. Instead the effect appears to be to shift land use away from many categories, but especially category 3, to the
category that represents idle land with natural vegetation.

CONCLUSIONS

This paper has shown how data from a satellite image and other geographical sources can be used in economic models of
land use. It presents new techniques for correcting for spatial dependence and new measures of the predictive power of multinomial
logit models. For a region in central Mexico, the cross-section results suggest that road access to a location does affect land use. The
locations identified as forest increase as road access becomes more difficult. From a statistical perspective the model has moderate
aggregate predictive power and strong predictive power for land use categories of interest - forested and irrigated crop areas.

These particular results should be viewed with caution since the simulations use values outside the sample set and the model
is essentially static while land use change is a dynamic process. Finally, field observation is crucial to assessing the accuracy o the
land use classifications. Despite these caveats, the results have reasonable interpretations. More importantly, the availability of
techniques to turn satellite images into economic data opens a vast, unexploited data set for economic analysis of environmental
issues.
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PURPOSE

Population-environment interactions in Northeast Thailand are examined by addressing the relationships between
composition and pattern metrics of landuse/landcover (LU/LC) structure at the landscape and class levels and a set of biophysical,
geographical, and social variables summarized at the village level. The objectives of the research are to: (1) create a data infrastructure
that will support a comprehensive study of population-environment relationships by integrating disparate data within a remote
sensing-GIS-population survey framework, and (2) assess preliminary relationships between selected elements of biophysical,
geographical, and social variables through correlation and cross-tabulation analysis.

1. INTRODUCTION

The 1960s and 1970s began a period of pronounced deforestation in Nang Rong district, a region located within Buriram
Province, Northeast Thailand. Marginalized lands were cleared of forests for conversion to cash crop production in the upland sites,
agricultural intensification occurred in the alluvial plains, and agricultural extensification occurred in the lower and middle terraces of
this low, undulating landscape. Such activities, albeit at a diminished level, have continued into the 1990s. As a consequence, the
natural forest vegetation in the Northeast has almost entirely been removed from the rice-producing alluvial plains, and the forests
have been substantially modified on the middle and lower terraces through the practice of shifting cultivation and the growing of
upland cash crops, particularly cassava. The terrace structure has been formed through the erosion of Tertiary and Quaternary alluvial
deposits that overlay the Cretaceous sandstone, shale, and siltstone bedrock (Pendleton, 1963; Donner, 1978). Remaining forest
vegetation is concentrated mainly in the very hilly areas that are generally unsuitable for cultivation.

Slight perturbations in the biophysical nature of the region (e.g. timing or amount of precipitation) can introduce pronounced
hardship to the livelihood and welfare of the villagers because of the marginalized nature of the environment (e.g. low soil fertility,
poor drainage conditions, and limited potential for irrigation). The pressure placed on the land to yield greater agricultural returns for
subsistence and market agriculture has resulted in a rapid expansion of land under cultivation, increases in agricultural inputs (Hirsch
and Lohmann, 1989), and increased land fragmentation of ownership because of the shrinking availability of suitable land for
agriculture (Rigg, 1986). Migration to locate open land for agriculture as well as the deforestation of marginal sites particularly in the
middle and upper terraces is a reaction to a marginal environment, increasing demand for subsistence agriculture, shrinkage of suitable
land, and expanding market opportunities for agricultural products (Fukui, 1993; Fox et al., 1995). An additional contributing factor is
that the pattern of early mortality decline followed by a substantially later fertility decline led to a growing population, potentially
putting pressure on the landscape.

The district's population and environment are further linked through increasing land fragmentation of LU/LC, greater
competition between villages for land and resources, and the use of available forest land over the last 20-30 years for conversion to
agriculture through deforestation. Such factors influence the likelihood that adolescent and young adults migrate out of the area
between 1984 and 1994 (Rindfuss et al., 1996), and have hastened the disappearance of unclaimed forested land and increased the
importance of commercialized labor within the Northeast (Shigetomi, 1992).

The hypothesis examined here is that the nature of the composition and spatial organization of LU/LC indicated through class
and landscape metrics are associated with biophysical, geographical, and social variables that relate, respectively, to site suitability for
agriculture, village competition and accessibility to transportation and surface water, and population characteristics. The composition
and pattern metrics of LU/LC types is used to understand the form and function of landscapes produced through complex
population-environment interactions.



2. STUDY AREA

The study area is Nang Rong district, Buriram province, Northeast Thailand. Given that over time district boundaries have
changed administratively and given that our longitudinal social data began in 1984, for this paper we use the 1984 Nang Rong
boundaries. The district is connected through three primary paved road corridors and a network of secondary roads and trails, and is
composed of approximately 331 villages as of 1994. Nang Rong district, located within the Khorat Plateau, is dominated by wet rice
cultivation and dry dipterocarp savanna forest and/or drought resistant crops (i.e. cassava, kenaf, jute, and sugarcane) growing on
upland sites (Parnwell, 1988). The soils are generally highly weathered and leached, deficient in nutrients, exhibit a low cation
exchange capacity, possess a low water-holding capacity, and have extremely low organic matter content. Approximately 80 percent
of the total annual precipitation within the region falls within a five month period from May to September, but it is subject to a high
degree of interseasonal and interannual variability in both time and space. In addition, the areal extent of the rainfall is complicated by
the effects of micro-topography that has produced a highly fragmented landscape (Rigg, 1991). Reliance on a rain-fed system to
support the wet rice and upland cash crops grown in the district has developed in-concert with the occurrence of droughts, floods, and
a marginalized physical resource base. The harsh environment has caused irregular planting schedules, low and inconsistent
agricultural yields, and the development of risk abatement strategies in the use of the land to ensure stability of production from to
year to year (Rigg, 1986). Moisture deficiency and "push" factors leading to an inhospitable environment produces out-migration to
secure alternate employment. There are concurrent "pull" factors outside Nang Rong. The Thai economy has been booming, creating
higher paying jobs, particularly in Bangkok and the Eastern Seaboard area.

3. METHODS

Concepts in landscape ecology are used to examine the relationship between landscape form and function for 51 sample
villages located in Nang Rong district. Landsat TM digital data are classified and partitioned by drawing a 3-km spatial buffer around
the nuclear village centroids to provide a landscape boundary for assessing the spatial organization and composition of LU/LC types
in 1993. A set of biophysical, geographical, and social variables are related to composition and pattern metrics of the LU/LC through
correlation coefficients. Cross-tabulation is used to assess the relationships between LU/LC, terrain, and soil characteristics. Figure 1
shows a generalized view of the LU/LC of the district, with 3-km village buffers drawn around survey village centroids. A single
village territory is extracted from the district database for generation of composition and pattern metrics of the LU/LC at the class and
landscape levels. Social and spatial variables are also derived for the sample village through 1984 and 1994 population surveys and
GIS techniques, respectively.

This study draws upon a host of methodologies to meet the objectives of the project. They include: (1) remote.sensing
technology to map LU/LC within the district; (2) data transformations of 1993 Landsat TM and 1994 SPOT Panchromatic images for
cover-type boundary definition and mapping the areal extents of village settlements; (3) spatial metrics to quantify the composition
and pattern of LU/LC at the class and landscape levels as a signature of landscape form and function; (4) GIS techniques to derive
biophysical landscape variables, measure the accessibility of land units tq water and transportation networks, and spatially link
villages to other villages as a measure of competition; and (5) population surveys conducted at the village and household levels in
1984 and 1994 to define the demographic characteristics of sample villages as well as their relationships to the land. Below we briefly
describe each of the methodologies used to generate the variables assembled for this research and presented in Table 1.



Table 1. The variable set derived and correlated for this analysis represents biophysical, geographical, social, and pattern and
composition domains. The social variables were aggregated from household data for 1984 and 1994. Pattern and composition metrics
were generated at the landscape level and for forest, rice, upland agriculture, total agriculture, and village classes.



3.1 Landsat TM Classification

An unsupervised approach was used to generate a LU/LC classification of the study area for February 2, 1993. While the
1993 Landsat TM data set was the master scene used in the classification, a December 21, 1988 TM scene provided some interannual
and interseasonal change information as additional data in the classification process. The classification was compared to a variety of
ground-control information sources for cluster labeling and accuracy assessment. An April 7, 1994 SPOT panchromatic data set was
also used to further clarify the nature of spectral clusters used in this analysis by performing a data transformation to combine the
spectral resolution of 1993 TM data with the spatial resolution of 1994 SPOT data. In addition, the TM/SPOT composite was useful in
delineating the boundaries of the nuclear settlement patterns associated with each of the villages. The objective was to remove the
effects of trees planted to provide shade for the actual village settlement structures from the forest land occurring throughout the
village territory, regarded as land available for deforestation and conversion to agricultural production.

3.2 Village Boundary Definition

For this research, 3-km radial buffers, generated around the nuclear village centroids, were used to characterize village
"landscapes." While the definition of village boundary and the manner of its characterization is generally project dependent, the model
used here to characterize village boundaries is simple, assumes travel distances from households to field plots appropriate to 1994
conditions, and is consistently applied for all villages. Research is underway that "grows" village boundaries according, for example,
to village characteristics (e.g. total area in cultivation), position and nature of barriers (e.g. water bodies), and accessibility (e.g.
transportation network).

3.3 Spatial Metrics

The notion of spatial metrics has emerged from landscape ecology theory where it is stated that all landscapes contain
structure (spatial organization), function (interactions between the spatial elements), and change (alteration in the structure and
function of the landscape over time) (Forman and Godron, 1986; Urban et al., 1987; and Turner, 1990). Landscape ecology is rooted
in the paradigm that the spatial pattern of a landscape strongly influences the ecological characteristics of that landscape, and that the
relationship between ecosystems is interactive and dynamic (Risser et al., 1984). Pattern metrics are used to quantify the landscape
structure. Several researchers have previously analyzed landscape patterns through sets of spatial metrics (Romme, 1982; O'Neill et
al., 1988; Pastor and Broschart, 1990; Arno et al., 1993; Turner and Romme, 1994). Their intent was to characterize natural
landscapes by quantifying the composition of LV/LC types at either the patch, class, or landscape level. Once the composition of
cover types is determined, the metrics are used to assess the structure of the LU/LC types. To date, however, research has sought to
document the type and use of spatial metrics in ecological settings where the human dimension is rather insignificant. In this research,
spatial metrics are used to examine a landscape dominated by human-induced deforestation implemented for agricultural
intensification and extensification. The operational paradigm is that the form of the landscape is indicative of its function, and that
LU/LC patterns present on the landscape are the result of complex and interacting processes of human and biophysical dimensions.

The metrics used in this analysis were run at the class and landscape levels within FRAGSTATS (McGarigal and Marks,
1993). Metrics applied at the landscape level can be interpreted broadly as landscape heterogeneity indices because they measure the
landscape structure associated with village boundaries. The metrics are applied by first deriving the landscape composition, which is
the presence and amount of each patch type within the landscape but without concern for the placement of patches within the mosaic.
Landscape pattern refers to the physical distribution or configuration of patches within the landscape. Composition and pattern metrics
are influenced by the surrounding neighborhood of patches or classes and by patch size and shape. In this study a group of metrics
were selected on the basis of their importance in describing the spatial organization of LU/LC types in related environments and the
hypothesized value of edges and patch contacts between LU/LC types in the study area. Since many of the metrics are highly
correlated, analyses were conducted on a subset of metrics at the class and landscape scales.

3.4 GIS Techniques

The contour lines and point elevations on the 1984 1:50,000 scale base-maps of the study area have been scan-digitized,
attributed, edge-matched, and processed to yield digital elevation models of the study area. The DEMs were used to characterize the
percent alluvial plain/lower terrace, percent middle/high terrace, and percent upland in the 3-kin boundaries associated with each of
the sample villages. The construction of DEMs was important for the characterization of topographic site and situation relationships
associated with landuse potentials. For instance, most recent agricultural extensification has occurred in the upland sites where forests
have been cleared for cassava production, and low terraces and alluvial plains have seen a substantial amount of the agricultural
intensification related to paddy rice production. Because of the physiographic relationships of terrain to moisture potentials and soil
suitabilities for either paddy rice or upland crops, terrain data were useful in landscape partitioning.



Cluster analysis of a data set comprised of three geomorphometric variables (elevation, percent slope, and elevation variance)
yielded a thematic map of 15 terrain clusters. Due to low relative relief within the study area, the terrain clusters are largely
determined by elevation. The lower elevation clusters have extremely low slope angles and with low elevation variance. Percent slope
and elevation variation generally increases with elevation. The 15 terrain clusters were subsequently combined into six general terrain
classes on the basis of cluster statistics and used in a cross -tabulation analysis to assess the relationships between LU/LC, terrain, and
soil characteristics.

Other important GIS coverages that have been captured for the study area include "competition" surfaces computed to
examine the geographic location of villages and their overlapping 3-km boundaries with adjacent villages. The number of village
centers of all district villages (point locations) that occur within a 3-kin village boundary of the 51 surveyed villages were tabulated
through a point-in-polygon approach. The number of village boundaries (3-km buffers) that occur within any portion of the 3-km
buffers of all district villages surrounding the 51 survey villages was derived through a polygon overlay calculation. While the
competition variables are only constructed for our 51 sample villages, the location of all 331 villages in Nang Rong district are used in
constructing these competition variables. The village "competition" measures sought to address the impact of village clustering on
land conversion from forest to upland agriculture and the degree of competition for resources as a function of village density.

The GIS was also used to assess the hydrologic accessibility of pixels within a 3-kin village boundary. An index was
computed by calculating the mean distance between each 30 x 30 in pixel to the closest hydrographic unit on the landscape (lakes,
ponds, and perennial and intermittent streams) for each of the sample villages. The same approach was used to assess the
transportation accessibility of villages by relating pixels in the 3-km village boundaries to the nearest road for deriving the mean
distance for each village.

3.5 Population Surveys

Population surveys used in this study were conducted in 1984 and 1994 in 51 villages within the district. Data were collected
at the individual, household, and community levels. The 1994 data collection included information on household land use, individual
socio-demographic characteristics, life history data (education, migration, occupation, marriage, and fertility) for those aged 18-35,
and numerous measures of social networks. In addition, in 1995, migrants from a subset of villages were followed to their place of
destination and interviewed. Villages that were administratively split between 1984 and 1994 were recombined for the analyses
presented here. A host of variables were extracted from the surveys that characterized village demographic characteristics (e.g. total
number of households, total population, and percent of households engaged in cassava production); village resource characteristics
(e.g. percent of households engaged in rice production, sufficiency of water for agriculture, and amount of forest cleared for rice and
cassava cultivation), and village social characteristics (e.g. total area in cultivation and number of out-migrants). Variables were
extracted from the 1984 and 1994 surveys for each of the sample villages.

4. ANALYSIS AND DISCUSSION

Given that we are examining a geographic area that has been substantially affected by the human dimension using pattern
metrics that have been used primarily in areas where there has been little human influence, in this paper, we simply examine
correlations between a) selected biophysical, geographical, and social variables presented in Table I and b) the composition and
pattern metrics at landscape and class levels. We use a .05 significance level, but with so many coefficients examined, it is important
to remember that some of the coefficients will be "significant" by chance. The discussion below is basically a summary of the patterns
of the correlation coefficients. In future work we will examine whether these relationships hold after controlling for other variables.

4.1 Biophysical Domain

GIS cross-tabulation analysis was used to assess the correspondence between the six terrain classes, LU/LC, and agricultural
soil suitability. A correspondence exists between LU/LC and terrain types: surface water (90 percent), rice paddy (88 percent), and
village settlement areas (96 percent). The majority of the district's population lives in low-lying areas where water required for paddy
agriculture generally exists. The two terrain classes that represent the highest elevations also have the highest relative relief. These two
classes correspond to forest and upland agriculture (88 percent), represent only three percent paddy rice, and essentially no surface
water. No clear numerical correspondence exists between the terrain classes and soil suitability for commercial upland agriculture.
This may be due to the reconnaissance nature of the soil survey, which is incomplete for much of the area where upland agriculture
has been observed. For wet rice suitability, however, the terrain classes conform relatively well to the soil suitability classes.
Eighty-five percent of the soils well-suited for rice production occurs in low elevation and low slope angle terrain classes, and 100
percent of these soils are located in relatively flat areas. Similarly, 90 percent of the soils moderately-suited for rice production
correspond to low elevation and low slope angle terrain conditions. As would be expected, the terrain class with the highest elevation
is dominated by soils not-suited for wet rice production. When comparing soil suitability for commercial upland agriculture with
observed LU/LC, no clear numerical correspondence exists. Soil suitability for rice versus LU/LC, however, indicates that well-suited



and moderately-suited soils are dominated by paddy rice (79 and 76 percent, respectively), poorly-suited soils show a 60 percent
correspondence with rice, and soils not suitable for rice production have a 53 percent correspondence.

These observations tend to confirm the hypothesis that increasing agricultural intensification and extensification in Nang
Rong district over the past 30 years has resulted in an increase in the use of unsuitable soils or marginalized lands for these activities.
A major implication of the encroachment on marginalized lands by agriculture is increased rates of land degradation and unsustainable
agricultural yields, which in turn may generate negative feedback into the region's social system.

4.2 Geographical Domain

The geographical variables were designed to measure the concept of remoteness through an integrated distance and
accessibility index (Entwisle et al, 1996), and hydrographic and transportation accessibility within a defined village territory, the 3-km
buffer. The two competition variables indicate the level of competition between villages on the basis of village location and village
density. The remoteness index is most highly correlated to the interspersion and juxtaposition index (i.e. observed interspersion over
the maximum possible interspersion for the given number of patch types) at the class and landscape metric levels. The hydrographic
accessibility index is most related to class level metrics, percent of landscape (i.e. sum of the area of all patches of the corresponding
patch type divided by the total landscape area) and the mean shape index (i.e. sum of the patch perimeter divided by the square root of
patch area for each patch of the corresponding patch type). The transportation accessibility index is most related to landscape level
metrics, number of patches (i.e. sum of the total number of patches in the landscape), total edge (i.e. sum of the lengths of all patch
edge segments in the landscape), and landscape shape index (i.e. sum of the landscape boundary and all edge segments divided by the
square root of the total landscape area). The two competition variables tend to be strongly correlated with interspersion and
juxtaposition at the class (agriculture) and landscape levels.

4.3 Social Domain

General observations regarding the relationships between the social variables and the composition and pattern metrics
include: (1) correlations based on 1994 social variables tend to be stronger than correlations based on the 1984 social variables; (2) a
greater number of composition and pattern metrics are significantly related to social variables based on 1994 correlations than on 1984
correlations; (3) a greater number of landscape level metrics are significantly related to 1994 social variables than to 1984 social
variables, and at a higher level of correlation; (4) class level metrics for upland agriculture, forest, rice, and total agriculture are more
often related to the social variables than metrics calculated at the landscape level, and the relationships of the class metrics tend to be
stronger; (5) dominant class metrics correlated to 1084 and 1994 social variables are mean patch size (i.e. sum of the area of all
patches of the corresponding patch type divided by the number of patches of the same patch type), Percent of landscape in a class (i.e.
see above), mean shape index (i.e. see above), interspersion and juxtaposition (i.e. observed interspersion over the maximum possible
interspersion for the given number of patch types), and mean nearest neighbor distance (i.e. sum of the distance to the nearest
neighboring patch of the same type divided by the number of patches of the same type). In addition to the above class metrics, mean
proximity index (i.e. sum of patch area divided by the nearest edge-to-edge distance) is important in its relationship to the 1994 social
variables; and (6) dominant landscape level metrics are total edge (i.e. see above) and landscape shape index (i.e. see above). In
addition to the above landscape metrics, the contagion index (i.e. sum of the proportional abundance of each patch type multiplied by
the number of adjacencies between cells of that patch type and all other patch types) is important in its relationship to the 1994 social
variables.

Agricultural production is closely related to a variety of landscape and class level metrics. The number of households
growing cassava in 1984 and 1994 is positively correlated with landscape diversity (r=0.317, p<05; r=0.355, p<05 for 1984 and 1994
respectively), and the number of households growing rice in 1994 is highly negatively correlated with landscape diversity (r=-0.445,
p<.01). In other words, there is greater diversity in areas where households pursue cassava production compared to rice production.

These relationships are a product of the scale of topographic variability in the region. The southern part of the district is
characterized by rolling topography, where relatively large middle and upper terraces are interspersed with smaller, lower terraces. In
contrast, the northern part of the district is a topographically homogenous landscape of very flat topography. Expectedly, cassava and
forests are concentrated in the southern part of the district and paddy rice production dominates the north, demonstrated by the high
negative correlation between the percentage of the landscape composed of rice and the percentage of the landscape composed of
cassava (-0.72).

This apparent relationship between agricultural production and topography is rooted in the moisture requirements of lowland
rice and upland crops. This relationship is demonstrated by the strong, positive correlation between the percentage of the landscape
classified as upland agriculture and the mean distance to the closest hydrographic feature (r=0.508, p< .001). Upland crops have more
modest moisture requirements and this is evident in the study area.



In interpreting the relationship between agricultural production and topography it is important to remember the social history
of Nang Rong. Until quite recently, this was an isolated area of Thailand. The main road linking the district to Bangkok was built in
the late 1960s, and for military rather than economic reasons. In 1984, only one-third of our villages had electricity. Subsistence
fanning was the norm, and monetization of the economy is relatively recent. The prevailing fanning ethos is to first make sure that the
family has grown enough rice for its own use and then to think about various cash crops, including cassava or rice to be sold to others.
With this ethos, it is to be expected that the cassava growing areas would be more diverse. As the process of integrating Nang Rong
district into the national economy and marketing system continues, the collective effects are likely to be that farming households
purchase more of their food and in turn concentrate their fanning efforts on crops for which their soil is most suitable and the
anticipated market price is the highest. If this happens, the relationships we see now are likely to change.

Landscape diversity is a measure of composition and does not provide information about the spatial pattern of the landscape.
Other measures, such as landscape fragmentation, mean nearest neighbor distance, mean proximity index, and interspersion and
juxtaposition are needed to explore landscape pattern. The fragmentation or patchiness of a landscape has important implications for
agricultural extensification and helps us explore the relationship between land suitability and agricultural production.

Landscape fragmentation measures show that rice dominated landscapes are much more homogeneous than cassava
dominated landscapes (r =0.581, p<01; r =0.496, p<01 for rice and cassava respectively). These correlations with landcover classes are
mirrored by the correlation between the number of patches in the landscape and the number of households pursuing rice cultivation (r
=0.297, P<.05).

Fragmentation measures are also closely related to a variety of spatial and demographic variables. The mean nearest neighbor
distance between rice patches is positively correlated with the, number of households in a village in 1994 (r=0.315, p<05) and the total
population in 1994 (r--0.287, p<05). This is related to the fact that villages where cassava production is more common tend to be
larger than villages where rice cultivation is dominant. Smaller villages have relatively homogenous landscapes dominated by rice
cultivation and larger villages are characterized by a more diverse landscape, with a greater proportion of landcover as upland
agriculture.

As has been found in other parts of the world, landscape fragmentation is closely tied to road building. The number of
patches in the landscape is highly negatively correlated with the mean distance to closest transportation feature (r =0.617, p<001).
Clearly, landscapes where transportation features are more prevalent are much more fragmented.

Interestingly, the proportion of a village's population older than 65 in 1994 is highly correlated with a number of metrics,
particularly those related to upland agriculture. Villages where cassava production is more common tend to have fewer persons older
than 65 (r =0.374, p<.01). Accordingly, a variety of class level metrics related to the upland agriculture landcover class are
significantly correlated with the proportion of the population older than 65 in 1994 at the .05 confidence interval. Villages with a
greater proportion of the population older than 65 tend to be less fragmented (r =0.360, p<05), with less land area classified as upland
agriculture (r =0.519, p<001).

Interpreting these relationships between the proportion of the village over age 65 and the various landscape and class metrics
will ultimately involve discussions with farmers and agricultural experts in Nang Rong. However, we can begin to think about some of
the mechanisms leading to these relationships. First, compared to rice, cassava is a relatively recent crop in the district and is grown in
the most recently settled areas. Thus, these villages might have fewer people over age 65. Further, it is important to remember that
fanning in Nang Rong tends not to be mechanized and as a result is very demanding physically, with cassava being more demanding
than rice. Those over age 65 would be very unlikely to do any of the physical labor needed to grow cassava. Before a decision is made
to grow cassava, a farming household would want to make sure that a sufficient labor pool is available at planting, weeding, and
harvesting time.

5. CONCLUSIONS

In this preliminary study, composition and pattern metrics that focused on patch geometry of forest, upland agriculture, paddy
rice, and agriculture classes tended to be correlated stronger with biophysical, geographical, and social variables than landscape level
metrics. Class metrics measure the spatial distribution and pattern of a single class within the landscape, whereas landscape metrics
represent the spatial pattern of all patches within the entire landscape mosaic, defined here as a 3-kin buffer around village centroids.
In this study area, most of the land decisions are made at the household level and manifested at the individual class level through patch
dynamics. Landscape composition and patterns are further influenced by the biophysical suitability of the land at the patch level and
the availability of such land for agricultural expansion through extensification and/or intensification. Composition and pattern metrics
are capable of rendering a description of the organization of the landscape influenced by a combination of complex population-
environment interactions.



Critical to the study of population-environment interactions is the nature of the compatibility between social, geographical,
and biophysical data secured from population surveys, remote sensing, and GIS. Population variables were derived by surveys of
heads of households and village headmen; LU/LC information were represented by two satellite snap-shots in time; and the GIS
coverages were obtained from 1984 base-maps. Each survey approach derives its own perspective of the population-environment
landscape. The nature of the satellite classification, for example, affects: (1) measures obtained by the composition and pattern
metrics; (2) manner of setting village boundaries influences the LU/LC structure assessed by the metrics; and (3) while each village
was treated here as a separate entity, it is likely that adjacent villages might have a complementary or collective impact on the form of
the landscape and hence on its function.

Questions of error and uncertainty, spatial and temporal scales, inventory versus survey, and continuous measurement versus
discrete sample are but some of the issues that affect the ability of researchers to define population-environment interactions through
current methodologies. Future research will examine the nature of village boundaries and their delineation; biophysical gradients and
site suitabilities affecting LU/LC dynamics; and the impact of extent and grain in representing social, biophysical, and geographical
variables.

Integrating biophysical, geographical, and social variables, as we have done in this paper, provides an opportunity to think
about variables in one domain with the lens of another domain. Villages, for example, are typically defined as administrative units and
then these administrative units are mapped. In Nang Rong, as villages increase in size, there is a tendency for district and provincial
administrators to subdivide them so that the resulting administrative unit is more easily handled by the village headman. While such
subdivision might make sense administratively, the relationship of the social aggregation to LU/LC might be affected or unaffected by
the split. In this paper, we have used villages as defined by 1984 administrative units. One question high on our research agenda is to
see how robust our findings are to alternative definitions of "village."

The overall intent of this research is to develop causal models of social behavior by integrating population-environment
domains, simulating change in social systems through perturbations in the environment, and understanding the influence of internal
and external forces on decisions affecting the patch, village, village groups, and district. In the short run, change measures between
1984 and 1994 will be assessed initially through correlation coefficients and eventually through multivariate models.
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Integrated assessment models, or IAMs, are an emerging class of tools that scientists and analysts can use to develop and
compare options for responding to global change and to identify key areas for future research. IAMs differ from more detailed general
circulation models which are used to examine the climate system itself IAMs are computer programs that calculate possible
consequences of various assumptions about climatic, human, and ecological systems and the inter-actions among them. This paper
describes a hypertext data and information system focused on integrated assessment models and their results. At present, the system
consists of five major component types that are all accessible via the World Wide Web, four of which are types of hypertext guides,
and a fifth component that is an interactive visualization service. The visualization service is based on a database of pre-computed
runs of selected IAMs. Using the visualization service, a user is able explore the database interactively, producing statistical analyses
as well as maps and charts based on this data. We describe this service, the concept underlying its supporting database, and the
architecture of the service itself

I. INTEGRATED ASSESSMENT OF GLOBAL CLIMATE CHANGE

Increased atmospheric concentrations of gases such as carbon dioxide and chlorofluorocarbons have raised concerns about
the possibility of long-term changes to the earth’s atmosphere and climate. Such global changes could include increased global mean
temperatures, greater seventy and variability of weather, changes in precipitation patterns, and higher ocean levels. These changes
could have significant impacts on human activities and welfare, including agriculture, land use, water resources, industry, and health.

Integrated assessment models, or IAMs, are an emerging class of tools that scientists and analysts can use to develop and
compare options for responding to global change and to identify key areas for future research. IAM results have already been ut ilized
in international negotiations over climate change responses, and it is likely that their use as tools to inform decision making and policy
formulation will increase at regional, national, and international levels.

IAMs differ from more detailed general circulation models which are used to examine the climate system itself IAMs are
computer programs that calculate possible consequences of various assumptions about climatic, human, and ecological systems and
the interactions among them. IAMs are not intended as tools for accurately forecasting the future. Rather, they can help structure our
understanding of these systems and gain insights that would be difficult to achieve without integrative analysis.

The Socioeconomic Data and Application Center (SEDAC) at the Consortium for International Earth Science Information
Network is developing a Model Visualization and Analysis service (MVA) to help decision makers, analysts, scientists, students, and
the general public better understand IAMs and access and examine their results.

II. MODEL VISUALIZATION AND ANALYSIS SERVICE

The SEDAC MVA Service is a comprehensive hypertext data and information system focused on integrated assessment
models and their results. At present, it contains five major components that are all accessible via the World Wide Web.

One component of MVA is a Thematic Guide to Integrated Assessment Modeling. A guide is a hypertext document that is
intended to provide an understanding of a specific subject area, organization, system, or dataset. ’Ibis guide describes contains a wide
array of information on integrated assessment modeling in general. It includes numerous articles, abstracts, and excerpts from
published scientific literature as well as additional materials commissioned by SEDAC. Topics addressed include: historical
perspectives, representation and design issues in 1A modeling, overview of a wide range of existing models, and issues related to
cross-model comparison.

A second component of MVA is a set of Model Guides, containing detailed descriptions of specific IAMs. These guides
include discussions on the scope of each model, basic assumptions and input data used by the model, descriptions of key scenarios that
have been analyzed, and insights derived from model experiments.



Model Guides are available for a limited set of models. SEDAC has created Model Guides for three IAMs: IMAGE 2.0,
created by RIVM in the Netherlands, MiniCAM, created by Battelle Pacific Northwest Laboratories in Washington, and DICE,
developed by William Nordhaus of Yale University. Other model guides are forthcoming.

A third component of MVA is a Usage Guide. ’Me Usage Guide addresses issues related to the use of IAMs in research and
their application to decision making in both the private and public sector. Limitations on the applications of these models are also
discussed.

A fourth component of MVA is an EOS Data Guide, related to NASA’s Earth Observing System (EOS). EOS will be
collecting a wide array of remotely sensed data products over the next decade. These data products have a critical role to play in the
evolution IAM technology in providing new or improved estimates of physical parameters that IAMs depend upon.

The fifth component of MVA is an Interactive Visualization and Analysis Service. This service comprises a database of
pre-computed runs of selected IAMs. Using this service, a user is able explore the database interactively, producing statistical analyses
as well as maps and charts based on this data.

The Interactive Visualization and Analysis Service currently provides access to model runs for IMAGE 2.0, MiniCAM,
ICAM, and for selected scenarios prepared by the Energy Modeling Forum Study Group 12 (EMF-12) on "Controlling Global Carbon
Emissions: Cost and Policy Options." The EMF-12 Scenarios include results from numerous models. MVA will soon provide access
to the ICAM 2.1r model developed at Carnegie Mellon University, and will be making EMF-14 and DICE scenarios available as well.

The Uniform Resource Locator for the MVA serviceis http://sedac.ciesin.org/mva.

III. THE MVA DATABASE

The MVA database stores the numerical inputs and outputs associated with precomputed runs of various integrated
assessment models. A single run of an integrated assessment model can take anywhere from 15 seconds to 72 hours, and may yield
upwards of 500 megabytes of data. These data consist of multi-dimensional variables, can have either tabular or grid (raster) formats,
and are completely hetergeneous in their physical file formats. The MVA database is the implementation of a unifying
multi-dimensional data model that provides a single storage and indexing concept linking descriptive metadata with the input and
output variables of multiple integrated assessment models.

Figure 1 illustrates the basic concept of the MVA data model. The MVA service uses a complex metadata model to allow the
user to be guided into the dimensional structure of the IAM variables. Variables can be sliced across dimensions.



For example, Crop Productivity is depicted in Figure 1 as a gridded variable that is indexed by time, crop type, latitude,
longitude, and model scenario; the metadata model allows grid for Com Productivity for 1990 to be extracted from the Crop
Productivity variable. Similarly, Green House Gas (GHG) Emissions is a tabular variable that is indexed by time, green house gas,
country, and model scenario; the MVA data model allows tabular data to be subsetted across many dimensions as well.

The MVA services provides the user with navigational aids that allow for this dimensional slicing of data. When MVA does
the slicing, it also uses the metadata model to determine which analysis methods are most appropriate for the extracted data. For
example, if a time series is extracted, then time series plots are appropriate, as are change-in-time calculations.

IV. DATA ACCESS AND VISUALIZATION

Users are guided through the database by selecting from the models, scenarios, and variables for which data are available.
The RDBMS is queried based on the users’ selections and MVA dynamically constructs an HTML pages in response to user
interaction, ultimately providing the user with graphical view of the data.

For example, users can specify that they want to compare the possible climate consequences of a number of different policies
for reducing carbon dioxide emissions. These users are provided with line charts showing model outputs as a function of time. Users
can then examine the models’ estimates of the societal impact of these climate changes and compare them to estimates of their costs.

Other examples of how users can gain insights into the results of integrated assessment models include exploring regional
differences of projections, contrasting the results of different models, and examining maps showing possible changes in various
measures of global change between two times.

V. SYSTEM ARCHITECTURE OVERVIEW

The data access and visualization functions of MVA are implemented by a sophisticated subsystem of SEDAC’s system
architecture known as Charlotte. Charlotte augments the functionality of conventional WWW system components by providing a
general solution to dynamic data and text integration services via a CGI interface.



Figure 2 provides a high-level view of the processing implemented by this system. CGI data, consisting of variable=value
type bindings, is received by Charlotte’s CGI interface. This data is converted into a lookup dictionary that is used to drive the entire
document construction process. Each application implemented by Charlotte is described by a set of template files, each one describing
the content and layout of an HTML page that serves as a part of the applications’ user interface. By consulting the session data
dictionary, Charlotte selects an appropriate template file, and uses it to create an HTML file. Each template file can contain both
HTML code as well as specialized instructions for extracting data from a database and processing the data into image and data
products.

The modular structure of Charlotte is shown in Figure 3. The module named Charlotte is really the master controller; it
manages the response for each user action based on a set of scripts. Charlotte scripts consist of a set of template sequencing rules
(based on a finite state machine model) and a set of template files. In order to process a template file, the Template Parser must read a
template file and parse it, creating a parse tree, and the Template Solver must then recursively evaluate the parse tree reducing it to a
text string by execution of macros from the Charlotte Macro Library. The final value returned as the result of executing the nodes of
the parse tree are then returned to the master controller as an HTML file.

In order to distinguish HTML commands from a Charlotte macro, macros have the form:

\macroname{param   1} ... {param   n}.

Names are always preceded by a ‘ \ ‘ character and parameters are enclosed by braces ‘ { } ‘ . The macros expect as their
parameters specific Charlotte data types which are tables, lists, strings, identifier and booleans. An example template file is given in
Figure 4.



The sample document shown in Figure 4 shows several of the macros supported by Charlotte. The macro \value{ident}
returns the value associated with the named identifier. The macro \set {ident} {val} associates an identifier with a value. The macro
\query{SQL statement} sends a query to a relational database for execution, and returns the results as a Charlotte data structure (an
ASCII list), and \mkscrolllist can use this data structure to create HTML text needed to implement a scrolling list. All such template
processing takes place on the server before the user ever sees the document.

There are several types of macros. These types include: variable management, list manipulation, database access, GUI
widgets and styles, boolean operations, and visualization functions. Database access and visualization macros provide services which
are communicated to an MVA Service Provider. The MVA Service Provider facilitates database query and retrieval from the MVA
database instance using the Oracle Call Interface (OCI) and SQL*Net, while visualization services are facilitated by a commercial
graphics library with a suite of mapping functions for raster data and plotting functions for vector data.

VI. CONCLUSIONS

Integrated assessment models are tools to help structure our understanding of climatic, human, and ecological systems and
the interactions among them. ’Me Model Visualization and Analysis Service is a comprehensive hypertext data and information
system that combines background information about the discipline and about particular IAMs with interactive applications. These
applications allow users to explore possible consequences of various policies towards climate change, assumptions about the climate
system and the systems with which it interacts, and regional and temporal differences in the projections of models.

The interactive portions of MVA are implemented using CIESIN’s Charlotte system. Charlotte allows for the construction of
applications that dynamically integrate data and text from a relational database management system with HTML. Users are able to
visualize complex, heterogeneous data without needing client software other than a conventional web browser. Other applications
similar to MVA are also being implemented using the Charlotte system.
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ABSTRACT:

The declaration of the Ministerial Conference on Space Applications for Development in Asia and the Pacific held in Beijing
in September, 1994, noted, inter alia, the need to ensure effective access to earth observation data and related products in order to
promote equity and sustainable development in the Asia-Pacific region. The conference issued a mandate to the Regional Space
Applications Programme (RESAP) of the Economic and Social Commission for Asia and the Pacific (ESCAP) to develop and
distribute applications using earth satellite data and related information in the region. The programme was also urged to establish a
computerized information database for distribution of earth space information and to provide access to that database to all ESCAP
members who wished to participate.

A study, sponsored by NASDA of Japan through RESTEC, was commissioned by ESCAP in October, 1995 to design a pilot
scale networking system for the region responsive to existing regional infrastructure, availability of data sets, costs of system
development and operation, and issues related to national policies and institutional concerns. Recommendations of the study were
based on substantial work already completed by some ESCAP members in electronic distribution of geo-spatial information within the
member countries and worldwide access to regional information about earth satellite data archives and related data. The study also
recommended that future, regional, network development take full advantage of the Internet - the most readily available, cost-effective
mechanism for data distribution -and focus initially on the issue most often cited as critical in the region - access to "metadata". A
pilot programme was proposed that builds on national information management systems already in place. A network server will be
established that will direct users to the archives where information on the data of interest may be obtained. Implementation of the pilot
programme is likely.

1. BACKGROUND

1. 1 Statements and Policies

The World Commission on Environment and Development in 1987 defined sustainable development as that which meets the
needs of the present without limiting the potential to meet the needs of future generations. Such development should be
environmentally sound, culturally acceptable, socially relevant and ecologically sustainable. It comprises those forms of economic
development which are equitable now, and which do not compromise the ability of future generations to live within a sound
environment and an equitable and developed economy

The 1992 Earth Summit in Rio de Janeiro declared transition to sustainable development a key course of action for the
1990’s. Agenda 21, adopted by the Earth Summit, describes issues that must be addressed and actions that must be undertaken to
achieve sustainable development. Accessibility to information on a just and equitable basis was acknowledged as a key issue,
especially for developing countries. Agenda 21 recognized that information systems, supplying satellite based data, were essential for
developed and developing countries, and, it noted, developing countries may need assistance to acquire data and technology and to use
data effectively.

The themes of Agenda 21 regarding sustainable development and information networks were echoed and supported by the
Ministerial Conference on Space Applications for Development in Asia and the Pacific held in Beijing in September, 1994. The



Beijing Declaration adopted by the conference noted, inter alia, the need to ensure more effective access to earth observation data and
related products to promote equity and sustainable development in the Asia-Pacific Region. Through adoption of a Regional Action
Plan on Space Applications for Sustainable Development in Asia and the Pacific, the Ministerial Conference gave a mandate to the
Regional Remote Sensing Programme (since renamed the Regional Space Applications Programme for Sustainable Development
(RESAP)) of the Economic and Social Commission for Asia and the Pacific (ESCAP) to develop and promulgate applications using
earth satellite data and related information in the Asia-Pacific region, and to," ... establish a computerized information database on
space technology and applications, space organizations and experts, and also have access to such information from international
databases and national focal points.

1.2 ESCAP Participation

ESCAP responded to the recommendations and mandates of the Ministerial Conference in various forms. Resolution 51/11 of
ESCAP, adopted at the 51st Commission session held in May, 1995, endorsed the recommendations of the Beijing Declaration,
including the Regional Action Plan, and called for early implementation of the recommendations in the plan.

As a follow-up to the mandates of the Beijing Declaration, ESCAP conducted a pre-feasibility study for an information
network from January through March, 1995. A team of experts drawn from the ESCAP member countries participated in the study.
The study focused on the rationale for the network, user requirements, policy issues and technical scenarios.

The pre-feasibility study noted that the number and sophistication of earth observation satellite missions will increase
markedly in the next decade. The consequence of that activity will be a substantial increase in the volume of data received and stored.
It will be a challenge for any single organization or station to acquire, store and apply all the satellite data it will need. Although the
user community is becoming more technologically capable to exploit data from multiple sources and data acquired over longer time
spans, the capability to archive and distribute data efficiently and effectively lags behind the ability to acquire it. The Asia-Pacific
region is influenced by these factors. An information system in the region will provide "... wider, fairer, cleverer, and more timely use"
of data products and information derived from earth observation satellites. The pre-feasibility study concluded that establishment of an
Earth Space Information Network for Asia and the Pacific (ESINAP) was desirable and timely, and it recommended that a feasibility
study be undertaken.

A "Pilot Scale Feasibility Study on Earth Space Information Network in Asia and the Pacific" was commissioned by ESCAP
in October, 1995 The theme of the project was to assist ESCAP member countries establish an operational earth space information
network, "... to support the implementation of Agenda-21 for achieving sustainable development of natural resources and
environmental management."

The immediate objective of the project was to design a pilot scale networking system for the region cognizant of existing
regional infrastructure, availability of data sets, costs of system development and operation and issues related to national policies and
institutional concerns. The design developed includes scenarios for the specific operationality of the network and defines the roles of
participating countries, organizations and ESCAP.

Member countries of ESCAP need access to the data and information. Those countries without current access to earth
satellite observation data and other geo-spatial data need the network to access data at reasonable cost and in a timely manner. An
information network may be the only practical solution to meet their data and information requirements. Those ESCAP member
countries with ground receiving stations in-country have needs for data beyond the range of their station’s coverage circle (for regional
perspective) and for a mechanism through which to distribute data and share information on applications and other matters of mutual
interest within the region.

Several ESCAP members have already developed, or are actively developing, information systems for storage and retrieval
of digital geo-spatial data, within country information networks for distribution of geo-spatial data, and infrastructure for making
metadata and data available via the Internet. ESINAP could integrate the disparate national systems into a regional network that will
reduce significantly the difficulty data users now face to locate data and information about data. ESINAP will enable "one- stop" data
searches.

International efforts are underway to create regional and global information systems for earth satellite observation data.
ESINAP can contribute to the global effort to make acquisition and distribution of data easier, faster and less expensive. More
importantly, establishing an information network by and for the constituents of the Asia Pacific region will ensure that the capabilities
of the network meet the needs of those constituents.

Currently, the capabilities of the members of ESCAP to receive earth observation satellite data overlap significantly. ESINAP
has the potential to eliminate redundant data collection, thus promoting greater efficiency in use of resources, cooperation among



ESCAP members, and optimization of efforts. To achieve these efficiencies requires action now, because the number of earth orbiting
platforms will increase significantly in the next few years, and ESCAP member countries may make better arrangements with the
suppliers of those data if a regional plan for data acquisition is in place when new earth observations satellite systems become
operational

2. NETWORK REQUIREMENTS

2.1 Information Source

A series of site visits to the ESCAP member countries with earth observation satellite data acquisition, archive and
distribution capabilities was undertaken to gauge the current status of information networks in the region preparatory to
recommendations on a course of action. Site visits were made to Australia, China, India, Indonesia, Japan and Thailand. As a group,
those six countries possess the most advanced technology in the region for an earth space information network, although current
capabilities vary among them.

No regional network structure exists now in the Asia Pacific region. All countries visited during the site visits have active
programs to distribute data and information within country using various local area and wide area information networks. All countries
visited have access to the Internet, although current connectivity to data archives via the Internet and the quality of the Internet
connection varies substantially. All sites visited either have in place, or are in the process of design and implementation of,
information management systems (IMS) capable of retrieving digital data and metadata from an archive. The design and capabilities
of the IMS systems differ from site to site. Network and information management capabilities in the six countries are in a state of
continuous upgrade to improve network connectivity and user services, but no systematic approach has been undertaken to provide
regional connectivity.

2.2 Results of Site Visits

The site visits were helpful because they provided a substantive survey of the current capabilities in the region and they
supplemented information received from the stations in response to a questionnaire distributed at the time of the visits. Several themes
emerged from the visits, themes that were repeated with great consistency from site to site.

2.2.1 Importance of Metadata

The participants were most interested in the network as a source of metadata. All recognized the inadequacy of current
systems to locate and evaluate satellite coverage quickly and easily. All agreed that development of a single resource, such as
ESINAP, as a source point for metadata and browse (a graphic showing a sampled or compressed version of the actual data) would be,
in and of itself, a valuable regional resource and accomplishment.

2.2.2 Current Use of Remote Sensing and GIS

All participants have active programs that use remote sensing and GIS technology in applications. The applications are
performed by various and, often, numerous agencies, institutions and organizations within each country. Research in, and
development of, new applications is, similarly, performed by more than one organization. Geo-spatial data from sources other than
space-borne instruments, e.g., digitized maps, serve an indispensable function in several programs, especially those programs that
focus on applications at the local (district or county) level. In several countries, substantial resources have been directed to compiling
digital data bases of map information, at scales of 1:1,000,000 and larger, for national distribution and use as baseline information and
key layers in GIS analysis (with earth satellite data) for monitoring and planning applications.

2.2.3 Existing Electronic Networks and Catalogs

All participants recognized the utility of digital data storage and transfer. All have either established, or are in the process of
establishing (or upgrading), electronic network capability that provides (or will provide), at a minimum, ready access to metadata and
browse, and, potentially, some data transfer. The quality and distribution of local area networks (LAN) and wide area networks
(WAN) varies among the participants, but the recognition of their value and the commitment to their installation was universal. These
networks are used for distribution of geo-spatial data and metadata.

2.2.4 Data Set Availability

The stations voiced agreement to make available metadata and browse files (where generation of such files is feasible) for
satellite imagery in their archives as those files are converted to digital format. Conversion of analog catalogs of earth satellite



observation data is a substantial effort and may require assistance to accomplish in a reasonable time period. Distribution of satellite
data is subject to the agreements between the data providers and the ground station operators. Availability of metadata, browse and
data for non-satellite digital information, e.g., maps, is subject to the institutional constraints of each participant

2.2.5 Connectivity to the Internet

The Internet is available through Internet service providers (ISPs) in all countries visited. The quality of the connection to the
site(s) of the data archive(s) varies substantially. In those countries where the primary access is poor, i.e. slower than 64 kbps., efforts
are underway to improve the connections. Making use of the Internet for internal and external distribution of information is
proceeding at many sites irrespective of regional networking efforts.

2.3 Network Objectives

The site visits helped formulate goals for the network. Four primary objectives emerged:

1) Improve access to metadata and browse files

2) Get time-critical data faster, especially small image files that do not require wide bandwidth,

3) Provide a means for rapid dissemination of information on applications, i.e., ho w to use geo-spatial data effectively, and

4) Address the archive issue, i.e., support preservation of existing data sets as an invaluable and irreplaceable historical
record.

A design for a regional network emerged from the objectives and the information received from the site visits.

3. PROPOSED NETWORK STRUCTURE

3.1 Function of the Internet

The backbone of the network will be the Internet: The Internet provides an environment compatible with the needs of
ESINAP. The Internet is a comprehensive global network, and it is supported by a broad user base. Significant improvements in the
capability of the Internet, especially in network browser software, since the completion of the pre-feasibility study have made the
Internet an attractive basis for ESINAP. The Internet supports all the capabilities required in the near term for ESINAP, e.g., e-mail,
electronic bulletin board, data transfer, graphics display etc.

3.2 ESINAP Configuration

ESINAP will be configured as a set of "homepages" linked to a central homepage. A "homepage" is a document containing
text and/or links to graphics files and imbedded commands. Commands are written in Hyper Text Markup Language (HTML). The
homepage, when placed on a file server, is accessible on the Internet via a registered address called a URL. The HTML commands in
the homepage file are read by "browser" software, such as "Mosaic" or "Netscape," that formats the text and graphics for display of
the document on the CRT of the user. HTML files may contain imbedded aliases for URLs of other homepages. An alias, when
selected by a user, automatically transfers the user to the homepage referenced. Using that capability, the ESINAP homepage can link
users to the homepages of the local nodes Homepages can function as an interface to users, i.e., users can interact with the home page
and select or enter parameters. The parameters, in turn, can be passed to other tasks spawned through the homepage at the initiation of
the user. Graphics can be part of the homepage interface. This functionality of the homepage greatly enhances its utility and makes the
Internet a suitable environment for a user interface with the proposed network.

3.2.1 Homepages

An ESINAP homepage will serve as the entry point for users seeking information about the network and/or a guide to data
resources. The ESINAP server will contain summary information on the contents of the catalogs of the local nodes. The server will
have a search engine that users can operate to query the contents of the "catalog of catalogs" and identify which node or nodes are
likely to have the data of interest. The search will be conducted through an interface in the ESINAP homepage. The ESINAP
homepage will have links to homepages located on machines managed by the participants with data archives and/or other information
suitable for sharing on the ESINAP network. When the user identifies the nodes that contain the data of interest, he or she can connect
to that node directly from the ESINAP homepage.



3.2.2 Master Node

The ESINAP homepage will be on the “master” node of the network. The homepage will be managed by ESCAP as the
ESINAP coordinator. The master node will be supported on a server located either at ESCAP or on a machine at one of the ESCAP
member countries. In either case, management and maintenance of the ESINAP homepage will be the responsibility of ESCAP.

3.2.3 Local Nodes

Each participant node, hereafter referred to as a "local node," will contain a homepage accessible via the Internet. The
information in the homepage of the local node will satisfy at least two functions:

• It will guide the user to locate data in the archive accessible through the local node. The user interface may vary
from node to node because of differences in data type in the local archive, but a minimum standard set of criteria
will be established for satellite image inquiries, e.g., acquisition date, maximum cloud cover, instrument type, scene
identification, special project identifiers, etc. For metadata and browse inquiries, the selection process will identify a
series of parameters. These parameters will be passed through an "inquiry format translator (IFT)" which will
restructure the inquiry into a format compatible with the local information system and submit the request to the
system. The reply from the local information system will be processed through the IFT where it will be reformatted
into HTML readable by the user system. In a similar manner, requests for browse files, data ordering and real data
transmission will be accomplished. The complexity of the IFT will vary among the local nodes, but, in all instances,
a software routine will be required to translate the parameters specified by the user into an inquiry in a format
compatible with the local IMS and to translate the output from the IMS into a report to the user in a format
compatible with HTML.

• It will serve as the repository of information about the local node including such items as directory of personnel,
publications list, information about ordering data, sample applications of data use, and institutional considerations
for data distribution.

Construction and maintenance of the homepage on the local node and the local IFT conversion routines will be the
responsibility of the local ESINAP participant.

3.3 Rationale for the Proposed Configuration

3.3.1 Use of the Internet

The Internet will meet the needs of low-end users and many of the needs of high-end users. All ESCAP members can
participate at some level. The Internet incorporates significant flexibility; it can be employed for technical and administrative purposes
- metadata and browse file access, some file transfers, distribution of information of general interest, meeting announcements, posting
of training opportunities and examples of applications, seminar announcements, etc. It is the most readily available network system
and it provides the quickest and least costly mechanism for implementation of ESINAP. The potential participants visited for this
study all have some level of experience with the Internet. The Internet already is being used with in the region to provide access to
metadata and browse files. Using the Internet as the backbone for ESINAP will build on that experience.

3.3.2 Advantage of Homepages

The homepage environment has a proven record of flexibility and ease of use. Files can be modified easily and quickly. New
material can be distributed over the network as it is made available. The master node can be employed by ESCAP for dissemination of
news, teaching materials and reports. Text and graphics can be distributed simultaneously. For example, the ESINAP master node
could be used to disseminate the Asian-Pacific Remote Sensing Journal, improving access to those materials and reducing the use of
forest resources. The flexibility of the Internet and the homepage environment will allow for incremental increases in technical
complexity as familiarity with the network increases and users demand more capability.

3.3.3 Ease of Implementation

The network, as designed, can be implemented with minimum disruption to existing programs at the local and regional level.
No significant changes are required in existing local information management systems. Within country networks and information
systems can continue to function and develop without modification. ESINAP will function as a gateway providing access to the
information the local node wishes to make available via the network to regional and global data users.



The design places responsibility for elements of the network with those best suited to address them. Control of access to local
information management systems is left to the local nodes. Coordination and management of the system is left with ESCAP, an
impartial third party.

The IFT concept isolates local information systems from ESINAP users and reduces system security risks. Development of
site specific IFTs is not a technologically difficult task. Models for such routines already exist. Engineering time to develop the local
IFT routines and the local homepage is estimated at 2 person months. Any network designed for the purpose of ESINAP would
require some software development and installation by the local nodes. The proposed network minimizes the time required.

The network provides for flexible, independent communication between users and the master node, users and the local
node(s), and between local nodes.

The proposed network design minimizes the requirement for new hardware. Systems suitable for servers already exist within
all the participants visited for this study, although the availability of the systems to act as servers must be confirmed.

The design proposed supports completion of a pilot test within one year. If the test is successful, improvements in the
capabilities of the network and the addition of new participants can be accomplished by additions to the capabilities implemented with
the pilot programme.

The proposed design is compatible with mechanisms already made operational (Singapore) or planned for operation
(Thailand) by ESCAP members to make metadata and browse files available over the Internet.

The proposed design for ESINAP is compatible with the efforts of other organizations to coordinate regional and global data
management systems.

4.0 IMPLEMENTATION

4.1 First Year Activities

A pilot project the first year is recommended. The objective of the pilot project will be to develop, test and demonstrate the
primary functions of ESINAP, i.e. an Internet based network to: (i) locate and acquire metadata and browse files of geo-spatial data
for the Asia-Pacific region; (ii) transfer and display relatively small images of time-critical data; and (iii) access training and education
materials about ESINAP and specific applications of geo-spatial data.

4.1.1 Test Data Three types of data should be accessed:

• Spatial imagery: The potential data user will initiate a search for a particular type of data, locate and evaluate the
metadata, and, on the basis of the metadata, select a scene and view the browse image of the scene.

• Non-image spatial data: The potential data user will initiate a search for a piece of non-image spatial data (a map),
locate and read the metadata.

• Meteorological imagery: The potential data user will initiate a search for data; on the basis of the metadata select a
scene, and view a compressed image of the scene.

4.1.2 Node Capabilities

The pilot project will require the ESINAP master node be on-line. The user interface within the homepage on the master node
will assist the user identify the local node(s) where the data of interest can be accessed, and link the user to the appropriate node.

Data will be accessed through at least two different local nodes, i.e., one data type through one node, the other data types
through another local node(s).

The data sets recommended are the minimum for successful completion of the pilot project. Demonstration of additional
capability at the completion of the project will be encouraged.



4.1.3 Test Modes

The pilot project will exercise ESINAP by accessing the data on the test local nodes Two test modes for the pilot project are
suggested. Selection of either mode will depend on the funding available for the programme in the first year. The modes are:

• Minimum test: The ESINAP homepage will be on-line on an existing server made available by one of the local
nodes (Australia, Japan, or Thailand are suggested). Content of the homepage will be the minimum required to meet
the objectives of the pilot project. No more than two local nodes will be linked to the ESINAP homepage. One
participant node will be used to test access to the ESINAP homepage and access to, and acquisition of, data from the
local nodes.

• Full test: The ESINAP homepage will be on-line either on a server independent of the local nodes or on a server
made available by one of the local nodes (Australia Japan, or Thailand are suggested). Content of the homepage will
be at least that needed to meet the test requirements of the pilot project but will be limited only by the time required
to bring the information and functionality on-line. Access to ESINAP will be tested from the six initial participants
in ESINAP -Australia, China, India, Indonesia, Japan, and Thailand. (and, possibly, Singapore), - and ESCAP. Only
the nodes through which data will be accessed (Japan, China and, possibly, one additional node) will require servers
on-line, although other local nodes may have servers online by the time of the test.

In addition to the seven participants listed above, the pilot project should endeavor to select at least one ESCAP member
country that does not currently have access to data and equip that country with the hardware, software and Internet linkage necessary
to participate in the network. The country selected should, if possible, be one with a need for meteorological data. That new
participant should be able to access the network, locate appropriate meteorological data, find a file of interest and transmit an image,
via the Internet, to the local site for viewing and evaluation.

4.2 Network Development After the First Year

4.2.1 Completion of the ESINAP Homepage:

The ESINAP homepage on the master node will be the primary point of access to the network for users. A well structured,
informative, easy to use document will encourage use of the network. The homepage will also serve as the primary channel for
communication among the network participants and between the network participants and the network coordinator. Although the
homepage will be modified regularly to reflect recent events and new information, all structural elements of the homepage, especially
the user interface for data inquiries, should be in place soon after completion of the pilot project.

4.2.2 Data Catalog Conversion:

Compiling digital versions of data catalogs for acquisitions held by ESCAP members, and generating metadata and browse
(when appropriate) files for each acquisition: This task is vital for the long term success of the network and for utilization of earth
observation satellite data. The value and utility of the network will increase as metadata and browse files are brought on-line. The task
should be completed incrementally so that data will be put on-line as early as possible. All potential ESINAP local nodes recognize
the necessity to transform analog data directories to digital form. The ESINAP coordinator should encourage the local nodes to
generate digital metadata for all new acquisitions, image and non-image, and complete reformatting the historical archive. ESINAP
should be prepared to coordinate assistance to local nodes to complete this task.

4.2.3 Distribution of Data

Development of procedures for routine distribution, via ESINAP, of time-critical imagery: Prediction and response to natural
hazards, especially meteorological hazards, is a primary interest to ESCAP members. Distribution of data must be reliable and timely
to be of value. Meteorological images should be available for distribution no later than 6 hours after acquisition. ESCAP should work
with member countries to:

• come to agreement with the appropriate instrument operators and data suppliers on data policies that meet ESCAP
member requirements regarding cost, acquisition and distribution of meteorological imagery and other time-critical
data sets;

• develop standard products and analysis techniques; and



• agree upon data compression algorithms that will allow for faster and more reliable transmission of images over the
network. Meteorological imagery and other data are routinely available over the Internet currently. Making routine
distribution of such data a part of ESINAP may require more administrative than technical assistance.

4.2.4 Data Verification

Verification of the data listed in the catalogs, i.e. transfer of local ESCAP member archives onto reliable media for long term
storage and data retrieval: This task should begin concurrent with the pilot project. Whether or not ESINAP succeeds, the earth
observation satellite data in the archive of the ESCAP members must be verified i.e., it must be readable and an in a stable condition.
If not, the data must be transferred to a stable medium for long term storage. This task was identified as a priority in the pre-feasibility
study Identification of those data at risk in the region remains to be accomplished.

4.2.5 Applications Development

Use of ESINAP to distribute information about applications: The ESINAP master node is expected to serve as a source of
information for the region on applications of geo-spatial data. The information will be supplied to the master node by the users of the
network. Information will be accessible through the ESINAP homepage and will be stored on the ESINAP server or pointers to the
location of the information will be inserted in the homepage. The use of the ESINAP homepage as a source of information on
applications may begin as soon as the homepage is on-line and such information is made available. It is expected that this function
will continue while the network is operational and, subsequently, updates of the online information will occur at regular and frequent
intervals.

5. POLICY AND INSTITUTIONAL ISSUES

The pre-feasibility study identified seven “significant policy issues" regarding the exchange of earth observation data and
information derived from it. The issues are listed below, and the impact on each of ESINAP is described.

5.1 Data Security

The agencies making data (metadata, browse, image data or ancillary data) available to the network have legitimate concerns
about the security of their systems, i.e., the possibility of someone gaining access to the hardware or software within the IMS and
corrupting it. The network proposed minimizes the threat by recommending a structure that isolates the image management system
from data users. User interaction is limited to the local node, a server system that can be kept electronically separate from the IMS.
Communication between the local node of ESINAP and the IMS is through the IFT only. Responsibility for maintaining the security
of the local IMS will reside with the management structure of the IMS, the institutional entity also responsible for the local node and
the local version of the IFT.

5.2 National Security

ESINAP recognizes that national policies regarding the distribution of spatial information differ. This issue was included on
the questionnaire distributed prior to the site visits and was raised during the visits. Participants expressed reservations about access to
control point files, digital elevation models, and topographic and thematic maps. The threshold scale of a map before its distribution
would be restricted varied. Generally speaking, maps with scales smaller than 1:500,000 will be available without restriction. Maps
with scales larger than 1:100,000 are likely to be restricted. Policies on maps with scales between 1:100,000 and 1:500,000 vary by
participant. The proposed network design leaves decisions on data availability to the manager of the node. Restricted data sets can be
excluded from the metadata library or they can be identified but labeled as restricted. The local nodes may, at their discretion, institute
procedures for evaluation of requests of "restricted" data on a case-by-case basis. The responsibility for identification of restricted data
sets and development of policies and procedures involving them will be that solely of the local node.

5.3 Commercial Sensitivity

5.3.1 Intellectual property

The flexibility of the Internet will provide a local node options for data distribution. Files placed on the local ESINAP server
can be accessed by other users without being part of ESINAP or linked to the homepage of the local node. It is more likely, however,
that local users will want to use the network to distribute information and make their achievements known to the community.



5.3.2 Use of the Internet

The Internet, as the most widely used network in the world, is not dependent on sole source vendors for hardware or
software. Many nodes will be able to select service from one of many Internet service providers (ISP). In Thailand, for example, there
are currently five ISPs. It is possible that Internet service to some of the geographically remote members of ESCAP will be sole
source, but any network constructed to serve those members will have that characteristic. Within the realm of electronic networks, the
Internet has the least technological, industrial or information dependence.

5.3.3 Data Exchanges

As specified in the pre-feasibility study, data exchanges accomplished with, or assisted by the network, will be accompanied
by a statement of the obligation of the user to acknowledge the source of the data used, including observation of copyright and/or
other legal obligations where applicable, and to inform the source of the data of any errors detected.

5.3.4 Liability and quality Assurance

ESCAP, as the coordinator of ESINAP will assume no responsibility for the quality or reliability of data delivered over the
network, because ESCAP has no direct control over the acquisition, storage, processing or distribution of data. Local nodes that
distribute data will be responsible for establishing limits of responsibility and making those limits explicit to users. The supplier of the
data will issue a statement of liability accepted (if any) for use of the data, the currency of the data, or any restrictions placed on the
use, re-sale or redistribution of the data. Modifications to data beyond the "raw" data or data products received from the local nodes,
will be the sole responsibility of the user and/or the entity that performed the modification.

5.4 Other Networks

Linkages to other networking activities: Global efforts to foster access to, and sharing of, data through electronic networks
have been ongoing for several years. ESCAP is cognizant of efforts by CEOS, IGBP, UNEP-GRID, and WMO. and is aware that
some ESCAP members have been involved with these organizations to improve networking capabilities. The intention of ESINAP is
to complement those efforts. The proposed structure of the network will allow non-ESCAP members ready access to the data. Access
to the Internet will provide ESINAP participants access to other regional and global data bases. For example, the CEOS Infosys,
accessible via the World Wide Web (WWW) on the Internet provides comprehensive and timely information on CEOS activities and
linkages to CEOS on-line services world wide. Conversely, ESINAP would be an appropriate link in the proposed CEOS information
locator service (ILS). As the coordinator of ESINAP, it would be appropriate for ESCAP to participate (at least as an observer) on
working groups and at plenary sessions of organizations concerned with distribution of earth observation data, and it would be
appropriate for ESCAP to invite representatives of such organizations to observe organizational and technical meetings of ESINAP.

5.5 Management of ESINAP

The mandate from the 1994 Ministerial Conference to establish ESINAP resides with the ESCAP Secretariat. Within the
Secretariat, the Space Technology Applications Section (STAS) has responsibility for implementation of the Regional Space
Applications Programme (RESAP) including ESINAP. ESCAP and the STAS have the confidence and support of ESCAP members to
carry out the mandate, but the Secretariat may lack presently the financial support and technical and human resources to meet its
responsibilities for ESINAP. For example, as of this writing, the Secretariat facility in Bangkok lacks facilities adequate to support the
ESINAP master node, and STAS does not have presently the staff to build and maintain the ESINAP homepage and oversee the
implementation of the network. The constraints on ESCAP can be relieved by one or more of the following methods:

a) Management of ESINAP by a task force comprised of technical representatives of the primary donors and participants in
the network, coordinated by the Secretariat;

b) Increased donor support to the Secretariat sufficient to: 1) augment the technical capabilities of the Internet on site to meet
the requirements of ESINAP; 2) augment the staff of STAS with a person, or persons, suitable to meet the technical and
administrative responsibilities of ESCAP for ESINAP. Augmentation of the staff could be accomplished through a TCDC
(technical cooperation among developing countries) loan of an expert, or experts, to ESCAP;

c) A memorandum of understanding (MOU) between ESCAP and a member of ESCAP to use the member’s facilities to meet
ESCAP’s technical responsibilities for ESINAP. Financial support for the activity will come from a donor or donors.

ESCAP will retain managerial responsibility for ESINAP under all scenarios. ESCAP, as the manager and coordinator of
ESINAP, will be responsible for accreditation of nodes in the network.



5.6 Ground Station Coordination

Parts of the Asia Pacific region are served by a high density of ground stations with overlapping coverage. Historically, the
lack of adequate procedures and methods for distribution of metadata and data has resulted in redundancy in image acquisition. A
redundant image acquisition strategy may meet the immediate needs of local users, but it is not an efficient allocation of resources.
ESINAP offers the opportunity to formulate a regional acquisition strategy that will maintain full coverage from a given instrument
but increase the total amount of data available to regional users. Now is a particularly critical time to consider re-structuring the
regional acquisition strategy because of the number of new systems due for launch within the next five years. The plethora of new
systems will make it difficult, if not impossible, for a single ground station to meet, independently, the demand for data acquisitions
within its coverage circle. A programme to allocate responsibility for data acquisition regionally should consider the following:

5.6.1 Implementation of ESINAP

The first step must be the near term implementation of ESINAP and the demonstration that the network will meet its
objectives. The ground stations will be reluctant to alter existing acquisition strategies , nor should they be asked to do so, until a
reliable, alternate source of data is assured.

5.6.2 Acquisition Strategies

With successful implementation of ESINAP, ESCAP may choose to coordinate a meeting of regional ground station
operators for a review of existing acquisition strategies and consideration of alternate approaches. A regional acquisition strategy for
the Asia Pacific region must take into account agreements between data suppliers and the ground stations regarding acquisition and
distribution of data, and the data suppliers must concur with the strategy. In that regard, ESCAP should immediately encourage
regional ground station operators not to enter into long term agreements with data suppliers that will make a regional acquisition
strategy more difficult to achieve.

A regional earth observation satellite data acquisition strategy will encourage regional cooperation, improve access to data for
all users, increase the amount of data available to users, and help assure operational efficiency at all stations.

6. FINAL RECOMMENDATIONS

In March, 1994, the pre-feasibility study concluded that ESINAP was "desirable and timely." The need to improve regional
communication and provide more equitable access to data and the technology to use the data continues. Member nations of ESCAP
are developing, unilaterally, information management systems with access from the Internet to meet the data search and data transfer
requirements of internal and external users. Now is the time for a regional network solution that will provide the benefit of data access
and data use to all members.

6.1 Objective

The initial objective of the network will be to provide better access to metadata and browse files of regional data to all
ESCAP members via the Internet.

6.2 Structure

The network should be structured to include a master node that will be the focal point for data searches and general
information about the network, and local nodes that will guide users to data on the local archive and serve as a repository of
information about geo-spatial data analysis performed in the local node country.

6.3 Implementation

Implementation of the network will be incremental. The initial step will be a pilot project that will establish a mechanism for
exchange of technical information on the network, disseminate network standards and formats, establish the first local nodes,
demonstrate the utility and functionality of the network, and promote regional cooperation.

ESINAP will be implemented in a manner that minimizes disruption to existing information management systems and
networking systems in the ESINAP participating countries in the ESCAP region.

A pilot programme should be completed and demonstrated no later than February, 1997.



Subsequent priorities for the network will be to make time-critical data available to all ESCAP members; to make the
ESINAP master node homepage fully functional; to complete the transformation of existing data catalogs in the region to digital
format; to help identify and locate "at risk" digital data sets in the long term archives and transfer those data to stable media for long
term storage; to provide a venue for exchange of information on applications of earth satellite data and other topics of interest to
ESCAP members; and to work toward the implementation of a high speed data transfer network.

6.4 Coordination

ESINAP will be coordinated and managed by ENRMD/STAS representing ESCAP. Network policy will be established
through meetings of representatives of the ESCAP participants at meetings called and coordinated by ENRMD/STAS.

ESCAP will review its plans for ESINAP with organizations responsible for similar regional and global networks. ESCAP
will invite members of those organizations to participate, as observers, in technical and managerial meetings of ESINAP, and it will
petition cognizant organizations for observer status for ESCAP at meetings of mutual interest.

Primary support for implementation of ESINAP will come from donors within and, possibly, outside the region. Additional
support, principally in-kind, will come from participants in the network. Because of the substantial efforts already put forth in the
region to create in-country information networks and information systems, and the current status of the Internet in the Asia-Pacific
region, implementation of ESINAP, as described, can be accomplished with a low level of funding.

7. SUMMARY

It is a propitious time to put in place an earth space information network for the Asia-Pacific region. The countries of the
region recognize the potential value of such a network and support its implementation. The need for efficient access to, and
distribution of, geo-spatial data is evident. Global interest in increasing equitable distribution of geo-spatial data for application to
issues related to sustainable development is high. The technology to build a network that will meet user needs and provide efficient
acquisition and distribution of data and information exists. Action now will complement ongoing national efforts in networking and
information systems, give regional and global users what they have needed for two decades - quick, easy, comprehensive access to
digital geo-spatial data, and obviate potential data grid-lock caused by the advent of new data sources in the next five years.

The proposed network configuration allows for the key elements of the network infrastructure to be put in place with a
modicum of effort and modest resources. Once the infrastructure is established, the network can grow incrementally as users recognize
the network’s utility and resources are made available to increase its functionality.

The primary obstacles to ESINAP are financial and administrative. Coordination and cooperation will overcome those
obstacles and transform the idea of a regional network into an operational reality.
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AN OVERVIEW AND EVALUATION OF CROPLAND USE INTENSITY IN AFRICA

K. J. Dalsted, Principal Scientist, and F. C. Westin, Principal Scientist
Hughes STX Corporation1

ABSTRACT

A need to determine areas in annual crops versus areas in range, pasture, forest, urban and other noncrop areas developed
during the Large Area Crop Inventory Experiment (LACIE) in the 1970’s. Although cropland can easily be separated from other land
uses on aerial photos with scales 1:20,000 or larger, aerial photos are not practical to use for large area, rapid mapping. Landsat
imagery is a good choice for this type of mapping; Landsat data used in LACIE were at scales of 1:200,000 or smaller. A cropland use
intensity (CUI) system was developed to accommodate work with the small-scale satellite imagery. The CUI approach has also been
used in the 1990’s to support development work in Sahelian and Southern Africa.

1. INTRODUCTION

The Cropland Use Intensity (CUI) system was developed in the early 1970’s as part of the Large Area Crop Inventory
Experiment (LACIE) when it was found desirable to separate cropland and noncroplands over large areas using small-scale satellite
imagery. This concept was further used to assist the foreign agriculture service in estimating crop production potentials in grain
exporting and importing countries to avoid grain market surprises.

The CUI maps are based on interpretation of Landsat imagery, generally at a scale of 1:200,000. Five classes have been
established to approximate different levels of cropping (Westin and Brandner, 1980). The CUI classes and the percentage estimator for
calculation of hectarage (in parenthesis) are:

CUI 1 70-100% (80%);
CUI 2 50-70%   (60%);
CUI 3 30-50%   (40%);
CUI 4 5-30%     (10%); and
CUI 5 0-5%       (1%).

Modifiers were added to the CUI class to represent general landform and landcover classes, such as water, alluvial lands,
wetlands, sandy lands (generally with indications of dune deposition), rocky lands, and large urban areas. If discernable, developed
irrigation lands and recessional agriculture were also noted. Perennial crops are not represented in the CUI system at present.

In the late 1970’s the CUI-estimated hectarage of cropland was compared to the USDA Conservation Needs Inventory
estimation of cropland area for North Dakota, South Dakota, and Montana. The two totals were found to be within 4 percent of each
other (Westin and Brandner, 1980), thus validating the approach. Validation studies in developing countries without substantial
mechanized agriculture are sparse; however, a 1995 airborne video project in Niger (Brunner et al., 1995) provided airborne video
data for natural resources management and CUI analysis.

At small scales it is nearly impossible to map pure cropping units, particularly in developing countries where fields are small
and often have irregular shapes. Consequently, the CUI system is well suited to represent differing levels of cropping intensity. CUI
products have been used to assist countries with famine early warning when spatially combined with weather data and greenness
maps, which are derived from a NOAA satellite sensor advanced very high resolution radiometer (AVHRR).

The CUI analysis process for Africa is built upon analysts’ field experience in mapping soils and land cover in Sahelian
Africa. Only a limited number of ground observations have taken place to validate the CUI; thus, the current CUI maps might be
considered as preliminary products. The intent is to provide a rapid, reasonably accurate representation of cropping across a g iven
country. The CUI products should be considered a working document with the opportunity to make improvements in accuracy,
particularly with additional ground observation and possibly with updated imagery. The existing CUI products are 10 years old and
more recent Landsat imagery are needed before the updates can take place.

A recent multidate study in Mozambique provided quantitative data on cropping from the 1970’s to present (Crawford et al.,
1996). This study confirmed the influence of a civil war in reducing the crops area.

                                                          
1 Work performed under U.S. Geological Survey contract 1434-92-C-40004.



Objectives of this paper are to: (1) describe and document the process and procedure for CUI in Africa, (2) discuss the utility
of CUI for use with other data, and (3) compare CUI derived maps from airborne video to CUI maps interpreted from Landsat data.

2.PROCEDURES

2.1 Landsat Analysis

While firmly based on Landsat interpretation, the CUI process also builds upon an understanding of country-by-country
distribution of lands suitable for cropping. This approximation is based upon gathering and integrating information on natural
resources, such as soils, climate, geology, and hydrology and cultural resources and features together with topography. National and
international maps and national statistics are studied to develop this understanding. The analysts may also interview individuals who
have field experience in the country under investigation. Crop calendars, crop types, and management practices were researched for
additional background so that image analysis can begin with a reasonable grasp of suitabilities for cropping, population distribution,
cultural, and management preferences.

Landsat MSS imagery, the primary remote sensing product for CUI analysis, has a ground resolution of 80-m pixels and one
scene covers over 34,000 km2. Consequently, the CUI map units are seldom smaller than 1,500 hectares, exceptions are usually water
bodies and wetlands. Imagery collected at the end of the cropping season usually give the best contrast between cropland and
noncropland. Ideally, imagery from different years can represent cropping in above-average rainfall years as well as average or below-
average rainfall years.

The interpretation process occurs by edge matching individual Landsat scene to adjacent scenes, as necessary. A common
approach is to delineate landscape features, such as water bodies, wetlands, large urban areas, floodplains, and broad alluvial tracts.
Through this process the analyst becomes familiar with the appearance of rangelands/pastures and croplands in different
physiographic areas. The CUI delineations are based upon a generalized interpretative key that is tied to an estimation of how the land
surface appearance (on the imagery) has been altered by cropping. This perception, or interpretation key, leads to an understanding of
the relationship between colors and patterns on the imagery as they are tied to each CUI class. This key is developed Jointly if more
than one analyst is working and may apply to only one scene or many, depending upon imagery dates.

Large developed irrigation areas are mapped CUI 1; relatively uninhabited, rocky or desert areas are mapped CUI 5. Patterns
and colors on the imagery within the context of villages, roads, water, and agricultural communities (not pastoralist) are generally the
most important interpretation elements. Areas with high levels of cropping usually have some indications of field boundaries and have
higher reflectance compared to the noncropped areas. A gradation of reflectance and field patterns occurs as smaller land areas are
cultivated. Mapping with several analysts requires agreement of CUI classes at the margins of each Landsat scene, thus generating
consistency within the country interpretation.

Errors in interpretation tend to be an underestimation of cropping area. This type of error is more desirable than
over-estimation. Errors of omission may occur because the baseline MS S data are generally 10 years old or older. As population
growth occurs more cropping and shorter fallow periods are likely to occur. Exceptions can be noted when the onset of the rainy
season is substantially late. Overestimation of cropping can be related to the inclusion of fallow fields, which can appear to be cropped
and other noncropped areas within croplands.

2.2 Airborne Video Analysis

Vertical airborne video data and GPS data were collected in Niger in June and July 1995 (Brunner et al., 1995). These data
were analyzed for percentage of cropping along selected transects. Comparison of video results to the Landsat CUI estimations was
one of the objectives of this study.

Four flight lines were collected at a nominal altitude of 1,000 m. The color video data, which covered a 1 -km swath at about
1.5-m pixel resolution, were digitized for computer storage and display. A 12 x 16 dot grid was superimposed on the video frame and
dot counts were taken to generate the percentage of cropland/noncropland. Every fifth video frame was analyzed to give end-to-end
coverage without end lap. The video CUI data were compared to the Landsat-based CUI coverage by a GIS overlay process.
Consequently, each analyzed video frame received a CUI class via the Landsat estimation and an independent video-measured CUI
class.



3. RESULTS

3.1 Landsat Analysis

Figure 1 shows the status of CUI for African countries. Niger was the earliest country to have CUI developed and Mali is the
most recent. Excepting Somalia, Landsat MSS from the mid- I 980’s comprise most of the imagery used for analysis.

A typical CUI legend is shown in table 1. The secondary importance of alluvial lands, wetlands, and water is often valuable
by itself In Niger, for example, the extent of wetlands has important habitat implications as well as groundwater recharge in the
associated ancient dune systems (fig. 2).

Estimated hectares (ha) of cropland in the Sahel is shown in table 2. These numbers are preliminary and are tied to the
mid-1980’s Landsat imagery base.

3.2 Airborne Video

The 1995 video flight lines in Niger are shown in figure 3. The flight lines were selected to represent a cross section of CUI
situations. Flights ’in the eastern areas of Niger were not feasible because of time limitations. Examples of individual video frames
(fig. 4 and fig. 5) illustrate varying ground conditions and CUI classes.

The video-based CUI results are shown in table 3, table 4, table 5, table 6 and table 7.





4. DISCUSSION

4.1 Landsat CUI Products

Landsat interpretation for CUI provides an estimation of cropland distribution. For many underdeveloped countries this
information can be used with other information (for example, rainfall, greenness) to assess potential crop production. When greenness
maps, which are generated from AVHRR data as 10-day composites, are combined with CUI maps, early warning evaluations can
consider the area of croplands under severe stress, hence the potential for a shortfall in production. Within crop production models,
CUI data have the potential to be part of a predictive tool for estimating production.

CUI interpretations are a first cut at locating cropland distribution and estimating hectarage by country (table 2). With the
incorporation of additional aerial video data and field observation, CUI maps can be updated. Currently, we are considering using a 20
percent calculator for marginal land (CUI 4), rather than the current 10 percent calculator. This change assumes that CUI 4 will likely
see additional cropping when population pressures increase.

The Famine Early Warning System is currently using CUI products in several African countries. Feedback from field
representatives over the next year will provide valuable insight for improving CUI maps.



4.2 Aerial Videography

To some degree the timing of summer 1995 video analysis was premature considering planting was not yet complete during
the overflight. Only early planted crops were detected during the four flights. From the aircraft the human eye could resolve the
traditional planting patterns, but the video system could not at the given altitudes. In particular, the Mayahi flight was difficult to
interpret because planting was still underway and wind erosion damage in some fields created confusion on whether a number of
fields were either planted or abandoned and not revegetating. Occasionally, this same difficulty was observed in the Loga flight line,
particularly on sandy areas of the plateaus.

Table 3 shows results for the Say line. This line was located near a paved highway and the capital city. Consequently, it is
expected that population pressure is expanding cropping in this area. It appears that a significant area of the CUI 3 class should be
changed to CUI 2 within this area. Both CUI 4 and CUI 5 classes occurred in the flight line, but video frame numbers were not
sufficiently large to properly evaluate the results.

The Loga flight line passed over a number of different CUI categories. Table 4 reveals that the CUI 2 overestimated the
cropped area and the MSS CUI 5 underestimated the actual cropped area.

The Mayahi flight line produced very different results when compared to the MSS CUI (table 5). CUI 3 and CUI 4 appear to
be reasonably close to the MSS interpretation. The MSS CUI 2 appears to have overestimated land under cultivation on this line, 60
percent versus 42.8 percent (video). Severe wind erosion was noted in the northern and middle portions of this flight line, which can
be indicative of previous cropping (abandoned) and (or) overgrazing. A 1994 “yellowness anomaly" occurred in Mayahi area (A.
Stancioff, personal communication, AGRHYMET) even though rainfall was above normal. The "yellowness anomaly" implies that (1)
cropping is facing stress other than moisture, (2) croplands have been abandoned and are not revegetating because of wind erosion, or
(3) a combination of the above.

General ground observation data are needed in the vicinity of the Mayahi (and other) lines to address issues such as:

- fallow cycles,
- the ease of establishment of ground cover after cropping is abandoned, (for example, start of a fallow period)
- erosional situation, and
- crop identification within several representative video frames.

A flight later in the growing year could prove interesting with respect to cropped lands considering the recurring "yellowness
anomaly" on the NDVI products.

The Maradi flight line results held no surprises (table 6). Video and MSS estimates of cropping were quite similar. Nearly all
video frames classified fell within the CUI class 2.

Overall estimations of croplands totaled by flight line show that video estimation of cropping is higher in the video
estimation compared to the MSS estimation in three of four lines (table 7). The agreement between the sources seems acceptable
considering the tune difference of 1986 imagery versus 1995 video. Using the GIS coverage of villages, a buffering program also
tabulated the number of video frames with a village nearby. The Say line, in addition to the nearby villages, also has numerous, small
encampments commonly found in the fields during the growing season.

5. CONCLUSION

The aerial videography provided excellent data from which a variety of features can be interpreted. Some questions remain
regarding the percent of the 1995 crop planted at the time of the overflight dates. Data collection near harvest time is needed to resolve
these questions.

The relationship between CUI and human population appears to be strong, the Mayahi "yellowness anomaly"
notwithstanding. It would appear that areas of significant population growth from the mid 1980's to present would be likely candidates
for reevaluation of the 1986 based CUI map.

Overall, the MSS CUI and video CUI are reasonably close in agreement. It remains unclear whether the sandy zones on the
plateaus in the Loga area have been cropped recently or have been for extensive periods. Likewise, the Mayahi line and its divergence
from the MSS CUI estimates requires additional investigation. It appears that scheduling flexibility for data collection is important to
collect data after planting is finished and the emerged crops are visible on the video imagery.
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USING REMOTE SENSING FOR FAMINE EARLY WARNING

Vikki French, Agroclimatologist, FEWS (OALS)
Noel Beninati, Agronomist, FEWS (ISTI)
Sean Kish, GIS Specialist, FEWS (ARD)

USAID’s Famine Early Warning System (FEWS) is designed to help decision makers prevent famine in Sub-Saharan Africa
using remotely sensed data to assess crops and rangeland conditions for early indications of potential crop failures and as part of an
end of season vulnerability assessment. The tools presently used include AVHRR NDVI summarized by dekad and automated rainfall
estimates from Meteosat, also summarized by dekad. Special techniques have been developed to detect and highlight pertinent
information contained in the data. In addition, ground truth is gathered from available sources. Initial assessments made using remote
sensing and ground truth are combined using a "convergence of indicators" methodology into a final assessment. These two tools have
proven effective in identifying problem areas in many situations, however, there are circumstances in which they are not effective.
Other remote sensing tools are being explored which may supplement those used presently.

WHAT IS FEWS?

USAID’s Famine Early Warning System (FEWS) is an information system designed to help decision makers prevent famine
in Sub-Saharan Africa. FEWS specialists in the US and Africa assess remotely sensed data and ground-based meteorological, crop and
rangeland conditions for early indications of potential famine areas. Other factors affecting local food availability and access are also
carefully evaluated to identify vulnerable population groups requiring assistance. These assessments are continuously updated and
disseminated to provide decision makers with the most timely and accurate information available.

FEWS monitors areas of high-risk African countries where populations are particularly vulnerable to episodic food shortages
that could lead to famine. Early warnings provided by FEWS enable decision makers to assess famine threats and plan required
assistance well in advance.

The project integrates a diverse variety of data and information into a clear and concise form that is useful for decision
makers. This integration of inputs into a coherent assessment is called the "convergence of indicators" approach. Among the indicators
used in the project are: satellite data (NDVI and Meteosat), station meteorological data, crop growth information from the field, crop
production figures, population and employment data, market supply information and food prices, school attendance, health and
medical reports monitoring childhood growth, malnutrition and other health situations.

The project’s Washington office employs a team of full-time professionals skilled in agroclimatology, agronomy, agricultural
economics, food aid analysis, computer systems, communications, publishing and project management. FEWS also provides on-site
regional coverage from its offices in the Sahel, the Greater Horn and Southern Africa. FEWS Representatives are located in 17
Sub-Saharan countries.

FEWS works in cooperation with the US Geological Survey (USGS), the National Aeronautics and Space Administration
(NASA), and the National Oceanographic and Atmospheric Administration (NOAA).

The FEWS Project is managed by Associates in Rural Development, Inc. (ARD) of Burlington, Vermont in association with
the International Science and Technology Institute (ISTI), Arlington, Virginia and the Office of Arid Land Studies (OALS),
University of Arizona, Tucson, Arizona.

USING REMOTE SENSING

FEWS specialists in the US and Africa use remotely sensed data to assess crop conditions for early indications of potential
crop failures and rangeland conditions for an assessment of effects on pastoralists. FEWS has traditionally used AVHRR NDVI
supplemented by automated rainfall estimates derived from Meteosat. Both of these products are composited over a dekad so that
assessments can be updated every ten days during the crop season.

Techniques which are simple to use have been developed to highlight pertinent information contained in the data. Simple
techniques are preferred so that they can be duplicated on-site in Africa by non-technical Field Representatives. For NDVI, images are
compared to the most recent image to highlight vegetative improvement or deterioration. They are also compared to long-term average
NDVI to highlight areas where the vegetation is at an unusual level. Summaries of NDVI for geographic regions are graphed across
the season to track crop development.



The Meteosat rainfall estimate (RFE) provided by NOAA/CPC is FEWS most recent product. This product combines cold
cloud duration, station data, and an orographic model to estimate rainfall in “warm cloud" areas.

Analysis of RFE originally was limited to tracking rainfall activity over the past three dekads. This allowed for only a rough
estimate of crop impact as it could not be determined how much water was actually available to the crops. Lack of normal images also
limited the usefulness of this product (OK, it's been dry for a month, but is it NORMALLY dry at this time?) The raw images also
allowed for a simple, subjective NDVI forecast (e.g.: its been dry for the past month, so NDVI should begin to deteriorate).

USGS recently acquired monthly normal rainfall images which they have processed into dekadal images. This allows a
comparison to normal which has already been very useful in the project. In addition to identifying abnormal rainfall conditions,
comparison of rainfall vs. normal for a crop area allows for assessment of likely crop impacts and activities by farmers such as
sowing.

In the past, FEWS NDVI and RFE analysis was done for the entire country. Obviously, the analysis would be muddled by
including non-cropped areas, especially in the Sahel, where a large portion of each country is desert. An improved analysis could be
made by using more homogeneous crop areas. To this end, FEWS has two other products: the FAO crop area polygons and the USGS
crop use intensity polygons (CUI). The FAO polygons are rough estimates of crop areas (by crop type) derived from ground anecdotal
information. They are easy to use and provide a big improvement in the analysis. The CUI polygons were derived by interpretation of
Landsat images. They are a new product and are undergoing ground truthing by African Field Representatives presently. Preliminary
analysis shows that CUI will further enhance analysis compared to the FAO polygons, especially in extreme years like the 1983/84 El
Nino.

In addition to early warning during the season, FEWS also uses remote sensing for assessing the vulnerability of populations
at the end of the season. A specialized computer program called VAST calculates start of season, maximum NDVI, total vegetative
period NDVI, and other summary statistics. These can be compared to average to highlight areas with crop problems which will lead
to famine for specific groups of people.

NEW PRODUCTS

Recent problems with the AVHRR sensor have highlighted FEWS almost total dependency on NDVI. FEWS is presently
involved in projects which are designed to improve the reliability of NDVI and to broaden our base of data sources.

NASA has been very responsive to the NDVI data problems and have developed ways to recalibrate the data to improve it's
quality. While not yet satisfied that the product is back to its original calibration, NASA is working hard to meet its customers needs.
Because of FEWS's traditional dependence on NDVI for analysis, our primary research goal is to obtain a stable, quality NDVI
product.

However, FEWS must provide assessments and early warnings every ten days even in the absence of NDVI. At this time,
ground sources of data have become more critical. For many areas, ground data is not easily obtained, however, due to lack of
transportation and communication, civil unrest, etc. The loss of NDVI has spurred FEWS to make better use of its other satellite
source, Meteosat. The recent acquisition of normal images has greatly helped.

FEWS is also involved in a project with NOAA to obtain satellite derived daily meteorological images including
precipitation, maximum and minimum temperature, relative humidity, wind speed and solar radiation.

FEWS is presently calculating a rough "snapshot" of water available to the plants using dekadal RFE data and a simple
residual water model. A more complete crop water stress model is being developed jointly with USGS. This model will use NOAA's
daily meteorological images to calculate evapotranspiration, soil moisture and photosynthesis. This model will be developed
incrementally to provide ever-increasing levels of information as model sections are completed, improved, or more data become
available.

Finally, we are looking into the possibility of using DMSP microwave data as a supplement to monitor soil moisture and dry
pasture. This would be a totally new research effort.

When NDVI is back "on-line", RFE analysis, the crop water stress model and other satellite indicators will be used to
supplement NDVI, especially during situations when NDVI does not work well (such as during long periods of clouds and haze). All
of these data sources will be important in the FEWS "convergence of indicators" approach to provide an early warning of food
shortages so that famine can be prevented in the future.
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Abstract. Trend surface analysis of negative anomalies in Normalized Difference Vegetation Index (NDVI) data for each of
the four El Nino / Southern Oscillation (ENSO) warm phase events over the past 14 years suggests two broad patterns in the
manifestation of ENSO-related drought in Southern Africa. Type I events (corresponding to the 1986/87 and 1994/95 ENSO warm
phase events) exhibit strong evidence of movement along a path from Namibia, to Botswana, to Zimbabwe, to southern Zambia,
northwest Mozambique and southern Malawi. Type 11 events (corresponding to the 1983/84 and 1991/92 ENSO warm phases) tend to
originate from a main cell near southern Mozambique and southern Zimbabwe, and appear to expand outward from this cell as the
southern hemisphere summer progresses. In addition, each of these patterns is associated with distinctive precursor patterns in NDVI
during the six months leading up to the main ENSO warm event. Using Principal Components Analysis, prototypical precusor patterns
have been developed for the purpose of predictive analysis using a Dempster-Shafer Theory of Evidence procedure. Results from the
four ENSO warm events analyzed suggest that the general pattern of drought to be expected (Type I or Type II) can be predicted as
early as 3-4 months before crops are normally planted in the region.

INTRODUCTION

The El Nino/Southern Oscillation (ENSO) is a phenomenon of the coupled ocean/atmosphere system (Philander, 1990) that
has long been known to have a characteristic manifestation in Southern Africa whereby warm phase episodes are associated with
droughts while cold phase episodes lead to wetter than normal conditions, both of which are strongly evidence in the NOAA-AVHRR
NDVI record (Anyamba and Eastman, 1996). However, the specific area to be affected is known to vary from one event to the next
(Hastenrath, 1991; Diaz and Kiladis, 1992), and is described by the WMO to potentially occur anywhere below 15 degrees south
latitude (WMO, 1987).

However, in a recent paper (Eastman, Anyamba and Ramachandran, 1996) we have demonstrated that recent ENSO-related
droughts in Southern Africa exhibit two very distinctive spatial patterns. The first is a pattern that exhibits strong evidence of
movement along a path from Namibia, to Botswana, to Zimbabwe, to southern Zambia, northwest Mozambique and southern Malawi
while the

second tends to originate from a main cell near southern Mozambique and southern Zimbabwe, and then expand outwards
from this cell as the southern hemisphere summer progresses. The former we refer to as a Type I event and can be found in the pattern
of vegetation anomalies evident for the 1986/87 and 1994/95 ENSO warm events, while the latter we call a Type 2 event and is evi-
dent in the pattern of vegetation anomalies for the 1982/83 and 1991/92 ENSO warm events. In this paper we briefly review that
finding and present evidence that each is preceded by a distinctive precursor pattern that can be used for purposes of drought pattern
prediction. In addition, we present a procedure for pattern prediction based on a Dempster-Shafer Theory of Evidence approach.

SOURCE DATA AND PRE-PROCESSING

The data used in this analysis were derived from the archive of NDVI imagery for Africa developed by NASA for the United
States Agency for International Development (USAID) Famine Early Warning System (FEWS). This archive consists of dekadal
(10-day) maximum value composites of daily NDVI images at a 7.6 km resolution. These data were subsequently processed to
produce monthly composites, again using a maximum value process in order to reduce cloud cover. In total, 14 years of monthly data
were available for the analysis.

Once the monthly composites had been produced, mean images for each of the 12 months were produced by averaging
corresponding pixel values for all months not marked as covered by clouds over the 14 years. These served as a baseline from which
any monthly image could be compared. However, rather than using simple differencing, regression differencing was used. Regression
differencing uses simple linear regression to calculate the offset and gain required to standardize any pair of images for their mean and
variance, prior to image differencing (Singh and Harrison, 1985; Eastman and McKendry, 1991). As a consequence, differences in
sensor calibration, solar angle and atmospheric conditions can be accommodated. For ease of explanation, however, these will simply
be referred to here as difference images.

Difference images were created for each of the months from July to June of the ENSO warm events of 1982/83, 1986/87,
1991/92 and 1994/95. To facilitate visual interpretation, these were subsequently processed into change images by converting the



difference images into standard score images, and then classifying the result into 6 standard deviation classes. Generally, areas with
anomalies in excess of one standard deviation have been found to be associated with significant environmental effects (Singh and
Harrison, 1985). Our experience in the analysis of NDVI data would confirm this, with areas in excess of two standard deviations
showing extreme environmental effects.

DROUGHT PATTERN ANALYSIS*

Evidence for the character of the Type I and Type II patterns was first detected in a visual analysis of the change images. For
each of the ENSO warm events, the first strong evidence of drought tended to occur in January of ENSO year +1. Color Figure 1, for
example, shows the change images for January - May 1995. The movement of the drought is clearly envident in these images.

To explore this evidence for movement further, an image was created in which each image cell records the month in which
the minimum NDVI was recorded (numbered 1-5)**. Color Figure 2 Illustrates this image along with linear and cubic polynomial
trend surfaces derived from it. In this case, the first three orders of trend are significant at the p<0.001 level, with the cubic trend
accounting for about 18% of the variability in the month of maximum negative departure.

Similar analyses were carried out for each of the four most recent ENSO warm events. The 1986/87 event exhibited a
drought pattern very similar to that of 1994/95 and thus was termed a Type I event. However, the 1982/83 and 1991/92 events were
quite different from this pattern, and yet quite similar to each other. In both of these events the drought began as a cell of negative
anomalies near the east coast of Southern Africa, most particularly in southern Zimbabwe and Mozambique and adjacent South
Africa. However, rather than moving, these events exhibited persistence of drought in these areas with a somewhat irregular growth
outwards from the central core, particularly in Botswana and northern Mozambique. Color Figure 3 illustrates the linear and quadratic
trend surfaces for the month of maximum negative departure from January - May of 1983 (again, both significant at the p<0.001
level). Clearly this is a very different type of event that we have come to call a Type 2 pattern.

To gauge the distinctiveness of these two patterns, a further analysis was run in which a Standardized Principal Components
was computed from a set of 14 images of mean annual NDVI for the years 1982-95. Annual means were used instead of the original
monthly images to intentionally remove seasonal and smaller-scale variations. In this manner, the analysis was, by definition,
concerned only with interannual variations***. Furthermore, the analysis was conducted on images of the entire continent rather than
only Southern Africa.

The analysis yielded six components with substantial spatial coherence of which two were found to be directly related to the
spatial patterns noted here. Color Figure 4 illustrates these two components**** -- Components 4 and 5 (a discussion of the other
components can be found in Eastman, Anyamba and Ramachandran, 1996). The corresponding loadings for these components can be
found in Figure 5.

Component 4 immediately suggests the character of Type I events. For example, if one visually integrates all the negative
anomalies evident in the change images of Color Figure 1, the pattern that would be produced is essentially that of the negative
anomaly in Component 4. These negative anomalies thus suggest the path of the moving drought described by Type 1. Further support
for this interpretation can be seen in the loadings of the 14 input images on this component (Figure 5). Positive association is clearly
evident in 1987 and 1995*****.

While Component 4 clearly describes Type 1 events, Component 5 equally clearly describes Type 2 events. The main cell in
southern Zimbabwe and neighboring Mozambique is clearly evident with significant expansion areas evident in northern Botswana
and northwest Mozambique. Figure 4 also shows that this component is significantly associated with the Type 2 events (1983 and
1992).

                                                          
* The discussion in this section is a brief summary of the results reported in Eastman, Anyamba and Ramachandran, 1996.
** The software used for all analyses in this paper was the IDRISI geographic analysis and image processing system. The

specific procedure used to create the month of maximum negative departure image was a module named MDCHOICE that is normally
used in multi-criteria/multi-objective decision making.

*** The use of annual images also suppressed any information of movement in the drought patterns within years. This was
desired since PCA cannot describe moving phenomena very well (it must break up the movement into a series of static component
images -- Eastman and Fulk, 1993). Since the purpose was to try to isolate Type I and Type 2 events into single components, it was
intended that this evidence of movement be removed before analysis was undertaken.

**** In Eastman, Anyamba and Ramachandran (1996) only the southern portions of these images were shown. Here the full
continental images are illustrated along with the loadings over the entire period.

***** Since the analysis was carried out on calendar year mean NDVI images, the January-May sequence that was analyzed
for the four events fell entirely within the years 1983, 1987, 1992 and 1995.



PRECURSOR PATTERNS

Given this strong evidence for the presence of two distinctive patterns in the manifestation of drought associated with ENSO
warm events in Southern Africa, it was decided to examine the months leading up to these droughts to determine whether any
precursor patterns could be found. Color Figure 6, for example, shows the change images for the period July - December of 1994.

From the analysis of the winter/spring images for the four ENSO events it is clear that each of these droughts is preceded by
a protracted period of positive anomaly in NDVI. However, it proved to be difficult to reliably detect a distinctive pattern by visual
inspection. As a result, the 6 months leading up to each event (July - December of ENSO year 0) were concatenated to produce a
single 24-month series. These were then subjected to a Standardized Principal Components Analysis. Color Figure 7 shows
Components 1 and 2 from this analysis while Figure 8 shows their corresponding temporal loadings. Components 1 and 2 from this
analysis immediately suggested prototypical patterns to these precursor effects for the two types of event.

In Figure 8, Component 1 can clearly be seen to be positively associated with the months leading up to the two Type 1 events
(1986/87 and 1994/95). Interestingly, the spatial pattern of positive anomaly in NDVI is reminiscent of the path of the Type 1 drought
(Color Figure 7). In contrast, Component 2 (Figure 8) shows positive association with the months leading up to a Type 2 event, but no
positive association with the Type 1 event years.

PATTERN PREDICTION

It would appear then that distinctive precursor patterns do exist for each of the two types of drought events. Given the
importance of the possibility of being able to predict which of these two types of droughts might be developing, a further exploration
was undertaken on the ability of these precursor patterns to discriminate between Type 1 and Type 2 events.

The procedure used is based on a variant of Bayesian statistics known as Dempster-Shafer theory (Gordon and Shortliffe,
1985; Srinivasan and Richards, 1990). Unlike Bayesian approaches to the accumulation of evidence, the Dempster-Shafer procedure
does not assume that lack of evidence for a hypothesis constitutes evidence against the hypothesis. As a consequence, the
Dempster-Shafer procedure for the combination of evidence distinguishes between the belief (probability) and plausibility of an
hypothesis, with the difference between them constituting ignorance. The procedure is particularly well suited for the combination of
varied and irregularly sampled data and provides the flexibility needed for the productive incorporation of data that can differentiate
between broad groups of hypotheses but perhaps not within those groups. In addition, it provides a direct measure of the value of
information through the concept of ignorance and its potential reduction through the addition of new information.

In this case, the two components extracted from the PCA of the winter/spring months were treated as prototypical patterns for
the two precursor patterns. During the winter/spring before an anticipated ENSO event, a correlation can then be run between the
anomalies in NDVI for that month and each of these two patterns. The correlation coefficient is then treated as a statement of belief in
the presence of that type of pattern. In this case, a positive correlation is treated as evidence for the presence of the pattern, while a
negative correlation is treated as evidence of some other (perhaps unknown) pattern being present (including the possibility that it is of
the other type). However, evidence for or against one of these patterns is not assumed to provide any direct knowledge about the other.

Figure 9 shows the result of running the Dempster-Shafer procedure outlined here on the six months leading up to each of the
four ENSO-related droughts in the data series. The months are arrayed along the X axis while the Y axis is scaled from 0-1 for the
purpose of displaying belief or plausibility. In each case, lines are drawn to show how belief and plausibility for each type of event
change as evidence is accumulated over the winter/spring months. The difference between these two quantities constitutes ignorance,
and is portrayed as a shaded region.

Before evidence is provided, the belief in any hypothesis is 0 and its plausibility is 1. As evidence is accumulated, ignorance
is typically reduced, appearing as a progressively thinning wedge in these diagrams. As can be seen in Figures 8-11, the evidence from
the winter/spring year 0 months for each of the ENSO warm events quickly converges on the correct hypothesis. Most striking are the
cases of 1991/92 and 1994/95 where there is essentially no overlap in the hypotheses from as early as July -- a full six months before
the droughts became clearly evident. In the other cases, complete separability occurs between August and September. As a control, a
similar analysis was run for the winter/spring months of 1990, a year in which the Southern Oscillation Index oscillated about a value
of zero. In this case, the evidence quickly converged on the conclusion that neither a Type 1 or Type 2 event would occur.

Clearly there is an ecological problem with this analysis -- the data that provided evidence of the precursor patterns are the
same data that are used to demonstrate the Dempster-Shafer procedure. Thus it cannot constitute proof of the ability of this procedure
to discriminate future events. However, to the extent that one can generalize from the 14 years of data analyzed here, it is clear that the
technique is able to discrimate between them extraordinarily well.





CONCLUSIONS

From data analyzed here, it would appear that there is substantial evidence for the presence of two distinct spatial patterns in
the NDVI record of southern African ENSO warm events. The first, which we term a Type 1, is a pattern exhibiting strong evidence of
movement along a path from Namibia, to Botswana, to Zimbabwe, to southern Zambia, northwest Mozambique and southern Malawi.
The 1986/87 and 1994/95 events both show this pattern. Type 2 events are cellular in character, tend to originate in the vicinity of
southern Mozambique and southern Zimbabwe, and appear to expand as the southern hemisphere summer progresses. The reasons for
these two patterns are unclear at this time, and are being pursued in further research. However, it is also clear that strong precursor
patterns can be found in the months preceeding these events.

Precursor patterns during the six months leading up to a southern African drought show positive anomalies in NDVI, with a
distinctive difference in the pattern between the precursors of Type 1 and Type 2 events. Using a variant of Bayesian statistical
analysis known as Dempster-Shafer theory, it was shown how correlations between NDVI anomalies and these prototypical patterns
can be used as the basis for predicting which of the two types of events will occur.

From a food security perspective the possibility of predicting which of these ENSO drought patterns will occur is enormously
attractive. There are now a range of good indicators that an ENSO warm event will occur, as early as a year in advance. However, this
analysis would suggest that the specific spatial pattern of drought in Southern Africa can be predicted as much as 3-4 months before
the planting of main subsistence crops. This would allow, for example, a farmer to choose between lower yield high drought-resistant
varieties of maize and higher yield, but drought-sensitive hybrid varieties.

Although the NDVI record truely constitutes one of the most extraordinary records of ecosystem response to climate
variability, the record is still small, even at over 14 years of dekadal data. The patterns analyzed here show substantial promise in
gaining an understanding of the effects of ENSO-induced variability in precipitation in Southern Africa. However, the true test of
these relationships will need to await the next ENSO warm event.
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ABSTRACT:

Fundamental changes are taking place in the world of remote sensing with respect to three primary developments. First, a
new generation of space-borne sensors will be able to deliver high spatial and spectral resolution imagery on a global basis. Technical
advances are making previous restrictions on data scale, resolution, location, availability and cost largely irrelevant. Second, economic
restructuring of the remote sensing community will take the control and distribution of imagery and imagery derived information
largely away from government and into the private sector Third, the development of a digital, global information infrastructure, such
as the Internet, will allow for rapid global distribution of information to a worldwide user community. The combined effects of these
developments could have significant legal and ethical consequences for all remote sensing professionals. Remote sensing technology
could soon develop the capability to generate and deliver a level of information detail that could be disturbing to common societal
perceptions of individual privacy. A number of direct legal and ethical consequences could result.

This paper reviews the legal background of remote sensing, the current developments in satellite surveillance and information
technology, and outlines a number of legal and ethical issues that may be of concern for the remote sensing community.

INTRODUCTION

The science of remote sensing is commonly defined as methods did employ electromagnetic energy to detect, record and
measure characteristics of a target, such as the earth’s surface (Sabins, 1986). Aerial photography and satellite imaging, two of the
more traditional forms of remote sensing, have been commonly employed for purposes such as weather forecasting, mapping,
intelligence gathering, global process research, land use planning, conservation, and drug interdiction and control. Additionally, a new
generation of increasingly sophisticated remote sensing techniques are likely to play an increasingly significant role in the future of an
information-driven society. Of particular significance, and the subject of this paper, is the expanding use of remote sensing technology
as related to personal privacy, constitutional guarantees against unreasonable search, and law enforcement.

Remote sensing techniques offer inherent advantages to the practice of monitoring activities through the efficiency of areal
perspective, temporal definition, change detection, and accurate mensuration capabilities. Aerial photographs dating back to the 1930s
and satellite images from the 1960s and 1970s are routinely available and have long played a key, albeit subtle, role in public
programs and policy development. Aerial photographs and data from satellite systems have been successfully used for a variety of
litigation purposes for several decades (Latin et al., 1976; Brennan and Macauley, 1995).

Remote sensing is currently undergoing a dramatic revolution in terms of technical monitoring capabilities. Advances in
spectral and spatial resolutions, new sensors, new platforms, and continually improving digital analysis and communications
techniques are changing and expanding the level and types of detail that may be extracted from raw imagery. Previously fundamental
imaging restrictions on scale, resolution, availability, location and cost are becoming largely irrelevant. Also, the growing number of
orbital and airborne sensors and subsequent volume of available imaging data is dramatically changing the overall global capability
for overhead monitoring.

Remote sensing is also undergoing a revolution in terms of information management, data control and communication. In the
past, the remote sensing community had strong and fundamental connections to the United States government via the design and
launch of sensors and orbital vehicles, the sale and distribution of data and the grant money for research and development of
applications. However, the current economic restructuring of the remote sensing community has resulted in a clear trend of foreign
governments and multi-national corporations entering the remote sensing market. This diversification, coupled with the development
of a global information infrastructure, has created a fundamentally different world in the distribution and analysis of high resolution
spatial and spectral data.

These developing changes in spatial and spectral monitoring capabilities, coupled with emerging global information
management systems, have created a significant potential for the misuse of remote sensing data. Just as the general digital information
revolution has created valid concerns about safeguards to an individual’s privacy and other basic quality-of-life guarantees (Brennan
and Macauley, 1995), similarly, the technological advances in remote sensing could be creating a potential to come dangerously close
to crossing legal and/or ethical boundaries with respect to the privacy of the individual citizen and/or corporation.



As is often the case, emerging technology can advance faster than society as a whole can reasonably assimilate and create
new laws, policies or ethics to govern the conduct and operation of the technology. New scientific advances can extract an indirect
price or create the potential for misuse that society has not fully considered and is perhaps, not fully prepared to accept.

This paper reviews the legal background of remote sensing technology and identifies some of the policy and ethical issues
that could be of future concerns to the remote sensing community.

A CHANGING LANDSCAPE

Three fundamental changes are occurring in the world of the remote sensing scientist. The first, and most obvious, involves
technical advances in monitoring systems. Although aerial photography is the original form of overhead remote sensing and is still
probably the single most widely used form (Sabins, 1986), the world of satellite imaging sensors has expanded dramatically in the past
two decades. The United States LANDSAT series of satellites have provided global multi-spectral imagery for more than twenty years
and the Russian, French, Japanese and Canadian governments market and sell global imagery acquired by their orbiting imaging
systems. Even the once-closed intelligence community is suddenly considering commercial development of high-resolution imaging
technology of the extremely fine detail usually reserved for intelligence gathering efforts (Barrett, 1993). Within the next decade, there
are planned over 20 polar-orbiting remote sensing satellites. Most are at least multi-spectral, and many have spatial resolutions of less
than 5 meters with some even below 1 meter (Brennan and Macauley, 1995; Steele, 199 1). Additionally, Morain and Budge (1995)
list over 20 available and planned hyper-spectral instruments that have scores of spectral channels and can operate at ground sample
distances of under one meter. In addition to the advances in spatial and spectral resolution of a new generation of satellites, new
processing techniques and algorithms, such as the use of neural networks, are increasing the level of information that may be
confidently extracted from imagery (Foody, 1996; Gong, 1996).

The second change involves the commercial and global restructuring of the remote sensing infrastructure. There is currently a
general evolution of the remote sensing infrastructrure from government to commerce, and from United States to International.
Especially in the U.S. much of the routine development and use of remote sensing technology and data has been intricately connected,
directly or indirectly, with some level of governmental activity. This has provided an inherent level of oversight and control of
distributed information, thereby guarding against misuse of data. However, in the current environment, there are several countries,
other than the United States, that openly market and sell global imagery from their own orbiting sensors, such as Canada’s
RADARSAT, France’s SPOT and the Russian SOVINFORMSPUTNIK. Data rights, pricing, and distribution policies reside with the
governments owning the spacecraft (United Nations, 1987). Recently, several governments, including the United States, have turned
to quasi-public organizations to market and sell imagery from their orbiting platforms (Brennan and Macauley, 1995). Further, the
remote sensing community is now experiencing the completely private development, launch, operation and marketing of remote
sensing satellites, some with spatial resolutions at the 1-3 meter level (Brennan and Macauley, 1995; Bingaman, 1995).

The third issue relates to the rapidly changing nature of information distribution and access in modem society. The
development of a global information infrastructure is creating significant new capabilities and unforeseen possibilities for surveillance.
Already, many providers of remotely sensed data market and distribute digital imagery directly over the Internet. Whereas, in the past
almost all remote sensing involved some level of government involvement and therefore had oversight and appropriate controls on
information dissemination and privacy concerns, the next generation of remotely sensed information is likely to come from foreign
satellite and multi-national corporations who deal with information technology in a global marketplace and may operate absent of AU
effective US. or International government oversight. The globalization of remote sensing information systems will result in the flow of
data and information products outside of the traditional jurisdictional and national boundaries and beyond traditional methods of
effective legal control.

Further, there is a noteworthy and surprising lack of comprehensive policy development with respect to high-resolution
remote sensing technology. Major unaddressed concerns still exist relating to such fundamental issues as national security, military
intelligence and terrorist activity (Bingaman, 1995). And while the Land Remote Sensing Policy Act of 1992 (LRSPA) establishes a
comprehensive data and regulatory policies for LANDSAT and follow-up systems, the Act’s basic assertion that private space-based
systems are not currently viable has been challenged by the licensing of several commercial vendors, creating the possibility of large
commercial remote sensing markets that were not envisioned, or covered, by this particular law (Gabrynowicz,1993). Further, as
pointed out by Gabrynowicz (1996), the next generation of Unpiloted Aerial Vehicles is likely to operate at altitudes that were not
envisioned or addressed in the LRSPA. The United Nations has issued general guidance titled Principles Relating To Remote Sensing
Of The Earth From Space, which promotes international cooperation and data sharing between countries, but does not directly address
issues of privacy or data misuse at the level of the individual.

The coming advances in remote sensing technology, coupled with the corresponding changes in commercial restructuring and
global information distribution, will, within the next decade, drastically change the nature and utilization of imagery and will result in
the flow of data and information products outside of traditional jurisdictional and national boundaries that once regulated access,



distribution and appropriate use. The remote sensing community has already experienced many applications that are far different than
those of conventional aerial photography. Multi-spectral sensors and analyses, such as lidars routinely identify chemical compounds,
some radars have the ability to penetrate sandy soils and ’see’ underneath tree canopies or overhanging structures, thermal infrared
wavelengths can show intimate details of occupance or discharge. With the advent of multi-spectral instruments with sub-meter pixel
resolutions, what these sensors might be able to determine in bandwidth combinations, through logical associations with other data
and through ’fusion’ or combined data analysis, is a fertile area of research that is likely to yield significant results.

What should be clear to the general remote sensing community is that these fundamental changes in technology and
infrastructure may have far reaching implications. A clear problem currently exists with respect to inconsistent remote sensing law,
developing information policy and the interface between the two (Gabrynowicz, 1992). We are about to enter an era where we will
have the technical ability to determine and distribute extremely fine details about the home and life of the individual in society, and
that this ability, at least in the interim, may be largely uncontrolled because of under-developed policy, complex and sometimes
incoherent remote sensing laws, and a general inability for enforcement at the international level.

LEGAL BACKGROUND

Because of its efficacy and intrusiveness, the technology has always been of interest to the legal community, and while
Constitutional concerns about remote sensing technology have always existed, it has usually not caused any great problem due to
technological limitations (Latin et al., 1976). Until recently, the level of detail has been so gross as not to be a concern and the
intrusion is one which society generally accepts as reasonable for some greater overall purpose, such as map making, effective land
use planning or protecting human health and natural resources.

Latin et al. (1976) and Uhlir (1990) categorized three remote sensing applications in the legal arena: (1) applications aimed at
the development of public policy, (2) investigatory applications, and (3) applications expected to produce admissible evidence. Aerial
photographs and maps have been effectively used as evidence in court proceedings (Gillen, 1986; Quinn, 1979). Even satellite
imagery has been successfully introduced as evidence in pollution control cases such as U.S. v. Reserve Mining and State v. Inland
Steel Company (Latin et al., 1976).

Because of the historically strong connection between remote sensing and government, one of the most fundamental issues
with respect to advancing remote sensing technology can be found in the Fourth Amendment to the Constitution of the United States:

The right of the people to be secure in their persons, houses, papers, and effects, against unreasonable searches and
seizures, shall not be violated, and no Warrants shall issue, but upon probable cause, supported by oath or
affirmation, and particularly describing the place to be searched, and the persons or things to be seized.

The legal issues surrounding the use of overhead remote sensing techniques for monitoring and law enforcement revolve
largely around the history and interpretations of the Fourth Amendment to the U.S. Constitution. The basic legal guarantee prohibiting
unreasonable searches is a complex, ambiguous and open ended concept in the American model of civil liberties and is a fundamental
component of U.S. constitutional law (Koplow, 1992). Since 1914, in Weeks v. United States, the Supreme Court ruled that evidence
obtained through an illegal search (without a warrant based on probable cause) could not be used in a federal criminal prosecution.
Since that time, subsequent Supreme Court decisions have further extended the limitation on unwarranted searches to include intrusive
activities that do not involve physical trespass, such as wiretapping and electronic eavesdropping (Volkomer, 1972). Repeated
Supreme Court decisions have upheld the vitality and importance of the Fourth Amendment, even in cases of important national
security issues (Koplow, 1992). In the 1967 Katz v. United States, the seminal case in search and seizure issues, the Supreme Court set
out two lines of inquiry to define searches that may be permissible without a warrant. First, has there been exhibited an actual,
legitimate expectation of privacy and, second, is this expectation one that society is prepared to accept as reasonable? These two
standards form the modem definition of an unwarranted search that is nonetheless legal. If the subject exhibits expectation of privacy
and that expectation is one that is deemed reasonable, search may not be conducted without a warrant.

To date the landmark legal decision concerning remote sensing and law enforcement has been the 1986 Supreme Court
decision, Dow Chemical Company v. The United States (hereafter referred to as Dow. In an attempt to enforce Clean Air Act
regulations, EPA sought access to the Dow Chemical plant in Midland, Michigan. When a request for a follow-up visit was refused,
EPA contracted for an aerial photographic overflight, using a standard mapping camera, to determine if proper equipment was
installed and if illegal discharge could be detected. Upon discovering EPA actions, Dow brought suit claiming that EPA violated
trade-secrets law, acted outside of its authority under the Clean Air Act and conducted an illegal search under the Fourth Amendment.
Eventually, the Supreme Court ruled, in a 5-4 decision over a spirited dissent, that EPA had acted legally in the acquisition of the
aerial photographs.



There were three key elements in the Dow decision; (1) trade secrets law, (2) the statutory authority of the EPA under the
Clean Air Act, and (3) Fourth Amendment guarantees against unreasonable search.

With respect to Trade Secrets Law, which Dow relied heavily upon in its arguments, the Court simply ruled that trade secrets
protection was not relevant to the role of regulatory government. Since aerial photographs are commonly available and routinely used
in map-making, their use by a government regulatory agency was not an issue with respect to trade secrets protection. The second
issue revolved around whether the EPA could use an inspection method (aerial photography) that was not explicitly authorized by the
Clean Air Act. Here the Court held that a regulatory agency "...needs no explicit statutory provision to employ methods of observation
commonly available to the public at large" (Dow, page 6).

However, the most fundamental issue in this case was did of unreasonable search and seizure. Dow claimed that the aerial
photographs constituted a search without a warrant. Dow had constructed walls and taken other security precautions to guard against
ground level observation, and by doing this claimed to have exhibited a reasonable expectation of privacy, one of the critical elements
of the Katz standard.

Two key legal concepts are relevant to this question of reasonable expectation of privacy, curtilage and open fields as defined
in a seminal case of Oliver v. United States. Curtilage is defined as the yard or courtyard surrounding a dwelling, usually within a
fence or some other type of perimeter security device. The curtilage of the individual home, under traditional common law, has
enjoyed almost the same Fourth Amendment protection that is afforded inside the home. An individual within the curtilage of his/her
home has a reasonable expectation of privacy that cannot be intruded upon, except by warrant (Dow, page 8). Open fields, on the other
hand, have been defined as out-of-doors areas, not immediately surrounding the home, where the individual does NOT have a
reasonable and legitimate expectation of privacy. Dow tried unsuccessfully to claim that the open areas of a large industrial complex
were analogous to a concept of industrial curtilage. Although the court held that a company has a reasonable and legitimate
expectation of privacy within their covered buildings, guarding their proprietary industrial processes, this expectation of privacy does
NOT translate to the outdoor areas of a manufacturing plant winch are more like "open fields" (Dow, page 10). In simple terms,
because aerial photography is a commonly available technology, and because Dow did not take precautions to guard against it, the
Court ruled that it had NOT exhibited a reasonable nor legitimate expectation of privacy.

The second key search inquiry, which also failed the Katz standard, is whether the expectation of privacy is one that society
is willing to accept. Here the Court clearly drew distinctions between the rights of individual and the rights of a corporation.

"We pointed out in Donovan v. Dewey,... that the government has ‘greater latitude to conduct warrantless
inspections of commercial property' because 'the expectation of privacy that the owner of a commercial property
enjoys in such property differs significantly from the sanctity accorded an individual's home'. We emphasized that
unlike a homeowner's interest in his dwelling, the interest in the owner of a commercial property is not one in being
free from inspections..." (Dow page 10)

Although it was clear that the Supreme Court was not willing to extend the same standard of individual protection to
commercial enterprises, the Dow decision is of limited definitive value to the remote sensing community because it dealt only with the
relatively narrow issues of standard aerial photography and government restrictions under the Fourth Amendment. There are several
emerging areas where lack of precedent and expanding technology will require policy development.

EMERGING ISSUES

As a result of the changing political and technical climate, there are a number of technical and legal issues emerging
regarding the impacts of advancing remote sensing technology. Several of these issues are discussed below. The first two deal directly
with the results of the Dow decision. The remaining issues are related to the changing landscape of information technology.

Although the Dow decision was a landmark with regard to interpretation of the fourth amendment, it was problematic and has
been criticized on several basic points (Gootee, 1990; Koplow, 1992). Two key issues emerge with respect to future monitoring
technology and the Fourth Amendment guarantees.

Methods Available to the Public (ordingy technology)

Related to the Fourth Amendment guarantees of a reasonable expectation of privacy, the Dow court utilized a concept of
'commonly available methods of observation’ to justify the warrantless search via aerial photographs. Since the technology of aerial
photography is commonly used for a variety of purposes and is generally available and known to the public, the court held that there
was no constitutional problem with the government employing the same technology. In Marshall v. Barlow’s the court held: "[w]hat is



observable by the public is observable without a warrant, by government inspectors as well" (Page 315). However, the Dow court also
noted:

"It may well be, as the Government concedes, that surveillance of private property by using highly sophisticated
surveillance equipment not generally available to the public, such as satellite technology, might be constitutionally
proscribed absent a warrant." (Dow page 11)

Here the court was clearly drawing a distinction between aircraft technology and other, more sophisticated systems such as
satellites, which are not as widely available to the public. However, this argument weakens as technology expands in society. One
could easily argue that satellite technology has become widely known and available to the public through routine television usage,
education and through digital network media such as the Internet. At some point in time, it is reasonable to assume that satellite
technology per se will cross the line into the realm of ’ordinary technology.

Another possible reason for drawing an aircraft/satellite distinction, as pointed out by Steele ( 199 1), is that aircraft are
presumably detectable by the observee; that is, a person can be aware of overhead aircraft but may not be able to fairly sense that they
are being observed by satellite systems. This is also problematic in that many sophisticated camera systems now exist that allow for
highly detailed imagery to be observed from very high altitudes. The ER-2 aircraft that is flown by NASA, takes imagery of sub-meter
ground resolution from an altitude of 65,000 feet, placing it far out of the range of casual ground observation (NASA, 1990).
Unpiloted Aerial Vehicles, many carrying imaging sensors, routinely operate at altitude of greater than 50,000 feet and could not be
detected by the casual ground observer (Gabrynowicz, 1996).

Human Vision and Multispectral Remote Sensing

One of the most important issues in considering the legal parameters of remote sensing is the now common availability of
multi- and hyper-spectral imagery covering a wide range of the electro-magnetic spectrum. With the availability of spectral imagery
comes the capability to determine quite a number of details that are beyond common sensory perceptions.

In the Dow decision, Justice Burger wrote "The mere fact that human vision is enhanced somewhat, at least to the degree
here, does not give rise to Constitutional problems" (Dow, page 11). Assuming that the word ‘vision' is interpreted to mean the
sensory process of the human eyes, the Dow decision implies that the Supreme Court has only ruled on the remote sensing processes
that use only visible light. Numerous sensors detect information in other parts of the electromagnetic spectrum outside the
wavelengths of visible light. These wavelengths offer numerous advantages in detecting heat, radiation, vegetation growth, geologic
patterns and even underground morphology, and are routinely used by many scientific disciplines. How this issue would be interpreted
by the court in terms of regulatory monitoring and Constitutional issues, is presently unknown but the implications to the remote
sensing and regulatory communities could be monumental. Koplow (1992) suggests that the remote sensing ability to determine
details of human activity within the home would be clearly prohibited by die courts in terms of Fourth Amendment protection of
individual liberty. However, in several early cases, there have been mixed results. In United States v. Penny-Feeny, the 11th District
Court held that evidence obtained from a heat-sensitive infrared device was sufficient to obtain a search warrant for illegal indoor
marijuana cultivation (Steele, 199 1). In United States v. Ford, and United States v. Ishmael, similar decisions were reached
concerning unwarranted searches with infrared devices. However, in States v. Young and United States v. Cusumano and Porco, the
use of the infrared device was held to be an unconstitutional search, although in Cusumano the conviction was upheld for other
reasons. To date, the Supreme Court has not addressed any cases related specifically to use of multi-spectral remote sensing.

Privacy

Beyond the issue of unreasonable search and seizure and Fourth Amendments protection lies the more complex issue of
personal privacy. Privacy is not a clear-cut concept in law. Justice Louis Brandeis once called the right to privacy "...the most
comprehensive of rights most cherished by civilized men" (Olmstead v. United States). However, as pointed out by Alderman and
Kennedy (1995), nowhere in the Constitution is privacy EXPLICITLY guaranteed to the individual in society. Because of the
traditionally significant role of government in remote sensing technology, most of the legal interest and concern has involved use of
the technology for law enforcement purposes and subsequently involved interpretation of the Fourth Amendment. However, one of the
most significant changes in the present remote sensing world is the commercial and international marketing and development of
remote sensing technology. The Fourth Amendment protects U.S. citizens against unreasonable search and seizure by the government,
for purposes of law enforcement. It does not protect against invasions of privacy by other parties for commercial or financial purposes.

There are two dimensions of personal privacy that figure prominently in legal literature and when considering remote sensing
technology: spatial and informational (Brennan and Macauley, 1995). The obvious spatial aspects of technology relate to the physical
space of an individual and to the intimate space around the home where one might reasonably expect to be free of monitoring and
surveillance. As satellite remote sensing begins to routinely gather data at or below the meter level of resolution, privacy suddenly



becomes a major concern as imagery suddenly has the potential to detect levels of detail that were previously impossible. The second
dimension of privacy is informational and relates to those attributes, activities or information that an individual may wish to conceal
from others. These may include personal relationships, property, time utilization and any number of attributes that an individual may
deem essential to define his/her personhood. Although this type of data may require complex analyses from different sources of data,
multispectral remote sensing data certainly has the potential to deliver intimate details of information.

If highly-detailed personal information can be acquired by the next generation of remote sensing instruments, as it almost
certainly will, and if that information has market-value in global commerce, a dangerous situation will exist with respect to what all
people consider basic personal privacy. The potential for invasion of personal privacy is both obvious and disturbing.

Commercial Information Markets

In the highly competitive global marketplace, information is a critical resource and the activities, preferences, movements and
behavior of potential purchasing populations are an area where business has traditionally committed significant resources for
marketing purposes. With the availability of high spectral and spatial resolution imagery, new levels of detail about intimate personal
activities may suddenly be of interest to the business community. This is further complicated by the commercialization of remote
sensing technology and the global nature of the information infrastructure. The possibility of international ’data havens’ or even ’rogue
data states’ that operate outside of any enforceable legal system create a vast potential for misuse of highly detailed spatial data
(Weinstein, 1995).

Direct Criminal Activity

Deliberate criminal activity is another category of remote sensing data misuse that at first may seem somewhat far-fetched
but could easily become an emerging issue with a new generation of sensors and data delivery systems. The level of detail and ease of
information acquisition in the near future will undoubtedly create this possibility. It is reasonable to speculate that the sophisticated
criminal of the Twenty-First Century may be able to include high-resolution satellite data and image processing in targeting victims.
Imagine a burglar using the Internet to pull down a near-real time multispectral image of an individual’s home to determine occupance,
visibility, ingress/egress, and value of property. None of this is outside the realm of currently planned capabilities.

Additionally the use of one meter satellite imagery for terrorist purposes has been raised and discussed and is a major policy
concern that currently has no clear-cut solution, especially when the satellite, and the sponsoring agency/government is outside of
United States control (Rye, 1995; Bingaman, 1995).

ETHICAL CONSIDERATIONS

It is an unfortunate reality in modem society that there is a significant period in which formal policy development often lags
behind technology advancements. The result is that we will experience a substantial period (probably several years) where there will
be an absence of legal and policy constraints on a new generation of highly detailed remote sensing technology. Concurrent with the
increased capabilities of remote surveillance technologies and a shift from government to private responsibility for the deployment of
the sensors and collection of the data is the increased potential for use of the data and technology without the benefit or safeguard of
effective or enforceable legal protection. Additionally, as remote sensing technology expands in the international corporate arena, the
issue becomes complicated by the need for international policy and regulation. There are even serious concerns at the level of national
security which, although beyond the scope of this paper, demonstrate the lack of formal policy development as related to the explosion
of remote sensing capabilities (Bingaman, 1995).

The development changes being experienced by the remote sensing community call for the articulation of ethical guidelines
to provide a moral philosophy in the absence of a comprehensive legal or policy framework. All remote sensing professionals should
realize the dangers associated with these technological developments and should consciously re-visit the ethical standards of this
profession. The American Society for Photogrammetry and Remote Sensing (ASPRS) provides the society with a Code of Ethics that
pertain primarily to business and professional conduct. Although these standards do not directly address the broader issue of ethics
pertaining to the use and misuse of data and technology, Principle number 7;

Recognize the proprietary interests and rights of others

is the most relevant and will certainly require additional articulation and development in the near future (ASPRS, 1996).
Gabrynowicz (1996) suggests that commercial remote sensing organizations should adopt proactive practices, such as in-house
privacy review policies and preventative legal planning, to reduce exposure to legal risk.



This paper proposes that ASPRS or another body with representation from the Federal, private and academic communities
articulate a set of ethics that would help in the absence of comprehensive legal or constitutional protection. These ethics should
address the recognition of increased potential for satellite based surveillance of people or property without existing guarantees of
rights to privacy (Brennan and Macauley, 1995). This body may also serve as advisors as relevant legislation is proposed and debated.
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ABSTRACT:

The Schools of the Pacific Rainfall Climate Experiment (SPaRCE) and the Global Learning and Observations to Benefit the
Environment (GLOBE) programs utilize measurements by students as scientific input, e.g., to ground truth satellite data on rainfall in
the Pacific. However, the larger challenge to the geoscientific community is to use this link to reverse the verification process--by
providing information about climate change and human-environment interactions to citizens in an accessible and comprehensive
manner. The biggest return for such an educational initiative will come from correcting people’s misconceptions about environmental
problems such as climate change. This paper reports on the results of a survey of high school students on their knowledge and
attitudes about climate change and policy responses. Our results show patterns of misconceptions similar to those found by Bostrom et
al. (1994), Read et al. (1994) and Kempton (1991). These include inflated estimates of temperature change, confusion between ozone
depletion and global warming, a focus on warmer weather, and the perception that any environmentally harmful act leads to climate
change. We explain these misconceptions as arising from information availability, reliance on the news media, use of judgmental
heuristics, confusion between weather and climate, and "fuzzy environmentalism." Students also reveal a very high level of trust in
scientists and teachers. This suggests a role for scientists and educators to develop innovative environmental education materials
targeted toward correcting misconceptions about problems such as climate change to ensure that people adopt appropriate rather than
mistaken environmentally protective measures.

1. INTRODUCTION

Over the last decade there has been tremendous concern in policy and scientific circles over the possibility of a "human
imprint" on climate change. The principal causes of climate change include industrial pollution, deforestation, and fossil fuel use.
These hunian activities have led to a build-up of Carbon Dioxide concentrations in the atmosphere which is expected to accentuate the
natural greenhouse effect and thus result in global warming. While there continues to be a heated debate among scientists on whether
human-related climate change is indeed occurring, the recent report of the Intergovernmental Panel on Climate Change concludes that
emerging evidence seems to support the climate change hypothesis (Nicholls 1996).

Given that climate change, if real, is attributable to human actions, it is critical to consider the human dimensions of climate
change. It is particularly important to understand why humans take the actions which lead to environmentally harmful results and to
identify how to design corrective or preventive responses. Therefore, significant research resources have been devoted to the study of
human-environment interactions and to the potential impacts of climate change on governance and conflict.

However, there has been little research probing the questions of whether people understand the concept of climate change,
how their individual actions can add up to cause effects on a global scale, and how they should respond to potential climate change.
Fischhoff and Furby (1983) called for a research program in this direction but to date only a handful of studies have probed these
questions (Bostrom et al. 1994, Read et al. 1994, Kempton 199 1), and then on a relatively small scale. However, these studies have
revealed that people have persistent misconceptions about climate change.

Here we report on the preliminary results from a project studying high-school students’ understanding of climate change. The
choice of our sample was motivated by our involvement with the SPaRCE and GLOBE programs. SPaRCE or the Schools of the
Pacific Rainfall Climate Experiment is a program run by meteorologists Susan Postawko and Mark Morrissey at the University of
Oklahoma. These scientists have equipped a series of high schools in the tropical Pacific with rain gauges and other meteorological
equipment. Student measurements are integrated with the Comprehensive Pacific Rainfall Database, thus enabling scientists to ground
truth their satellite estimates of rainfall in the data-sparse Pacific Ocean region. In return, the SPaRCE program provides educational
materials and a monthly talk-back radio program for the students. GLOBE or the Global Learning and Observations to Benefit the
Environment is a federal government initiative similar to SPaRCE, only on a larger scale.

We decided to use the link to students provided by the SPaRCE program as a platform to study people’s knowledge and
attitudes toward climate change with the goal of identifiying misconceptions about climate change and designing educational materials
to correct these misconceptions. In the larger picture, this type of work is important because people and public opinion can lead to
demands on the policy process for responses to climate change, such as regulation and preventive activity. Finally, this work could
provide insights into the potential role the scientific community can play in environmental education.



2. MAJOR MISCONCEPTIONS

2.1 Data and Results

The study sample reported here consists of 66 ninth grade students from a high school in Honolulu, Hawaii, which represents
the initial data from a larger cross-national sampling strategy. We presented these students with a detailed survey instrument, designed
first to elicit open-ended responses representing students’ self-reported understanding of climate change-related issues. We followed
this with a series of knowledge-related questions which students judged to be true or false. Demographic data and data on the sources
of information used by students were also elicited. The patterns of significant misconceptions about climate change will be first
detailed below, followed by potential social scientific explanations for the sources of these misconceptions:

2.2 Inflated Estimates of Temperature Change

How well do students understand the scope of climate change? As Figure I indicates, students’ estimates of the extent of the
increase in average temperature which would result from global warming differed by nearly an order of magnitude from that of
scientists, as represented by the 1992 IPCC report. This pattern seems characteristic of laypeople’s understanding of the temperature
increase from climate change, as the data from the Bostrorn et al. (1994) study also indicates.

2.3 Confusion Between CFCs/Ozone Hole and Global Warming

Students also exhibited confusion about global warming and its relationship to Chlorofluorocarbons (CFCs) and the "hole" in
the stratospheric ozone layer. While CFCs do have a secondary role to play in climate change, Table I shows that ozone depletion is
ranked as a higher cause of global warming than fossil fuel usage, air pollution, and deforestation. This pattern continues when
students are asked how they personally contribute to global warming. As Table 2 reveals, the use of air-conditioning, CFCs, and
aerosol cans are cited prominently. Table 3 shows that the hole in the ozone layer is often cited as evidence of global warming. This
pattern of responses corroborates the results of Bostrom et al. (1994), Read et al. (1994), and Kempton (1991) who also found
significant conflation of these two atmosphere-related environmental problems.





2.4 Perceived Evidence: Warmer Weather Focus

How do students know that climate change is underway? As Table 3 reveals, among those students who offered evidence in
support of global warming, the most prominent signals of climate change come from warmer temperatures and from changes in
weather patterns. Other potential indicators of global warming such as increased storm frequency and severity were not reported.
Table 3 also reveals that students’ predominant sources of information about climate change and its evidence are the news media, i.e.,
television and newspapers.

2.5 Perceived Causes: ALiy Environmental Hann Leads to Climate Change

As Figure 2 and Table 1 indicate, students believe that global warming is caused by a broad variety of environmentally
harmful actions, including the use of CFCs and improper disposal of garbage. The italicized statements in the tables and those marked
with an asterisk in the figures indicate those statements which erroneously attribute primary responsibility for climate change.



2.6 No Concern Over Sea Level Rise

What is omitted among the potential causes and effects of climate change is itself interesting. For example, even though this
sample consisted of Hawaiian students, there was no concern expressed about sea level rise or about the potential increase in the
frequency and severity of tropical storms.



3. EXPLANATIONS FOR MISCONCEPTIONS

3.1 Information Availability

One reason why students harbor such significant misconceptions about climate change is because they are exposed to little
formal information on this topic. As Table 3 indicates, teachers were mentioned as a less frequent source of information than the news
media. Classroom time devoted to a current issue like climate change is limited. We surmise that this is because school curricula
reflect traditional disciplines and are not innovative or flexible enough to provide coverage to topical, controversial, environmental
problems, which are multidisciplinary in nature. The implications of heavy media influence will be discussed below.

3.2 News Media as a Source of Information

Political scientists consider "media bias" to represent not ideological orientation in reporting but rather the media’s need to
focus on dramatic, or attention-grabbing headlines in order to sell newspapers or to increase television viewership. Wildavsky (1996)
provides a detailed critique of the performance of the media as a source of information about climate change. He finds that global
warming was highlighted as an environmental problem when the media reported on NASA scientist James Hansen’s concern over
human actions causing climate change during his Congressional testimony. However, the media did not emphasize Hansen’s caveats
about the lack of ready evidence in this regard. Wildavsky argues that the media ignored scientists’ doubts about the evidence in
support of global warming and tended to predominantly quote supporters of the hypothesis rather than its critics. Finally, Wildavsky
points out that scientists such as Stephen Schneider admitted to performing an advocacy role in the media promoting concern about
global warming even in the absence of scientifically justifiable evidence. Each of these factors can lead students to obtain a less than
balanced understanding of climate change, its uncertainties, and its complex causes and effects.

3.3 Judgmental Heuristics

Media effects are enhanced by other factors. Research in cognitive psychology has revealed that people utilize a number of
mental shortcuts or heuristics when faced with the difficult task of arriving at conclusions about uncertain events (Slovic, Fischhoff,
Lichtenstein 1979). An example is the availability heuristic: people judge the frequency of a problem by the ease with which they can
recall evidence of such problems. Therefore, media discussion of global warming and a hot summer are available enough for people to
conclude that climate change is underway. Similarly, the representativeness heuristic refers to people’s difficulties with probabilistic
information, e.g., their lack of understanding of phenomena such as regression to the mean. This can lead people to extrapolate from
one hot summer (or week!) to a conclusion of a warming pattern. People also tend to overweight small probabilities and underweight
high probabilities. This could cause them to expect a higher range of temperature change than expected by scientists.

3.4 Confusion Between Weather and Climate

One fundamental problem which seems to afflict students is confusion between the concepts of weather and climate. As
Figure 3 reveals, a majority of students are blatantly unable to distinguish between weather and climate or are unaware of the
long-term patterns of climate change. These erroneous statements are marked with an asterisk. We surmise that the inability to
distinguish between weather and climate leads students to expect that climate change signals will be manifest in the short run and that
it will be possible to experience them directly. Scientists, in contrast, isolate climate change patterns from statistical analysis of long-
term meteorological information.

3.5 Fuzzy Environmentalism

In general, students’ responses to questions about their environmental values revealed a significant environmental orientation.
We asked to students to note their levels of agreement or disagreement with a series of statements expressing environmental values.
Median responses indicated that students strongly agreed with the following statements: (i) It is important to preserve the environment
for future generations; (ii) Nature is divine and should be treated respectfully; (iii) Nature is fragile and we should be careful not to
harm or disrupt it. Students strongly disagreed with statements such as: (i) There is nothing we can do to change environmental
conditions; (ii) Nature is wild and should be tamed to serve mankind; (iii) It is all right to sacrifice other species in order to satisfy
human needs.





This "green ethic" may lead students to lump together all environmentally harmful acts, resulting in confusion over the causes
of climate change. Thus, while environmental awareness and concern are high, the data indicates that this concern is not fine-tuned
toward a detailed understanding of cause and effect. This can lead to inappropriate responses, e.g., avoiding aerosol cans in order to
check global warming. Further, as Bostrorn et al., (1994) report, this leads to false connections and incorrect reasoning chains such as
the conclusion that the hole in the ozone layer is leading to more solar radiation which then causes global warming.

4. ATTITUDES TOWARD RESPONSIBILITY FOR CLIMATE CHANGE AND RESPONSE

Since climate change is now largely accepted to be attributable to human actions, we explored the question of whether
students had an understanding of how their actions played a role in affecting the build-up of Carbon Dioxide concentrations. We also
explored the issues of what entities bore responsibility for climate change and what strategies should be utilized to respond to climate
change.

4.1 Responsibility for Climate Change an Response

In a series of open-ended questions, we asked students to identify those entities they believed were responsible for causing
climate change. We also asked them to consider the question of who should be made to bear the burden of responding to climate
change. As Table 4 indicates, 70% of the students felt that industries were primary contributors, 59% felt that the United States was a
leading contributor, followed by automobiles (45%), Japan, (32%), China (17%), and humans generally (17%). This ranking may arise
from students’ beliefs that industrialization, fossil fuel use, and overpopulation are primarily responsible for climate change.

However, when asked to consider who should bear the burden of preventing and responding to climate change, students
overwhelmingly felt that this required a collective, international, governmental level effort. Significantly, students were not oriented
toward punishing the primary contributors by placing the burden on them alone. However, students evinced little faith in the ability of
industries or market forces to undertake environmentally protective activities. Students’ preferred response strategy was broad
governmental and regulatory action.

4.2 Individuals and Climate Change

When asked whether climate change would have a direct influence on their own lives, nearly 90% of students answered that
it would; about the same percentage of students expressed some level of concern about the possibility of climate change. Further about
85% of students affirmed that we should be taking precautionary measures to prevent global climate change; the remaining students
responded that they did not know. This support for the precautionary principle was substantial, and was not hampered by concern over
clear evidence. Fully 90% of students felt that it was not necessary to be absolutely certain that climate change was underway before
undertaking preventive action.

However, when questioned about whether there was anything they personally did in their lives that could contribute to global
climate change, 56% of students answered yes, 35% said that they did not know, and the remaining 9% said no. Students’ examples of



the kinds of activities which could lead them to personally contribute to climate change revealed patterns similar to the causes of
climate change discussed earlier, i.e., use of automobiles, CFCs, and a range of environmentally detrimental actions.

We then focused on whether students could personally help prevent global climate change. Nearly three-quarters of students
believed that they could personally help prevent climate change; the rest did not know, and only one student answered no. Again, the
types of preventive activities mentioned by students tended to revolve around the avoidance of automobile use, CFCs, and
environmentally harmful acts.

To understand whether students understood the potential role that collective action could play in environmental protection,
we asked students whether they were aware of organizations that were active on environmental issues in their area. Here 56% replied
yes, and 44% no. Organizations cited included well-known groups such as Greenpeace as well as organizations which students would
be more likely to know, e.g., the Boy Scouts.

We followed with a question on whether students were involved with any of these organizations. Only 18% replied yes, and
the other 82% replied no. When we asked students their reasons for involvement or lack thereof, a commitment to the environment
was the most prominent reason for joining these organizations, and a lack of time was the most prominent reason for not joining.

4.3 The "Tragedy of the Commons" and the Logic of Collective Action

While it is unrealistic to expect ninth graders to be active members of environmental organizations, our questions on the role
of individuals and collective action were designed to explore the notion of the "Tragedy of the Commons" elucidated by Garrett
Hardin (1968) and that of the logic of collective action elucidated by Mancur Olson (1965).

Hardin argues, as do economists generally, that it is rational for individuals sharing a common resource--such as the
environment--to try and maximize their own individual benefits from the shared resource, even though doing so results in a depletion
of that common resource--the tragedy of the commons. Self-interest essentially dominates concern over the collective benefit. In the
case of the students surveyed in our study, it would seem that students have a strong environmental ethic and would prefer to avoid
environmentally harmful actions. Perhaps students conceive of themselves as unable to do enough to change things without a change
in the "system." While not motivated by naked self-interest, students thus continue with individual actions that have an adverse effect
on the global commons because they see little alternative.

When individual action alone cannot resolve problems, collective action may be able to come to the rescue. But in the case of
common resources, if one person takes the lead in undertaking preventive action, then the benefit from this sacrifice would flow to all
people using the common resource. This enables the others who benefit from that person’s actions to "free ride" or to obtain these
benefits without sharing in the burden caused by the preventive action. Olson argues that in such cases people’s self-interest will come
in the way of their organizing collectively to sustain a common resource. This tendency to obtain benefits from the actions of, e.g.,
environmental organizations, without directly contributing, could be one reason why our student sample does not translate their
environmental concern into significant action.

Another reason behind students’ lack of individual involvement could be the sheer magnitude of the problem. Climate change
is a phenomenon which is global in scope and it is hard for individuals to conceive of how their individual preventive actions can
make an impact on preventing climate change. This reasoning provides a justification for the strong support which students gave to the
idea that governments should undertake preventive action, especially through stricter regulation. Students seem to believe that only
system-wide change could have a significant effect on changing human behavior.

5. TRUST IN SCIENTISTS AND ITS IMPLICATIONS

Given students’ misconceptions about climate change and their willingness but helplessness when it comes to taking
preventive action, we wanted to explore ways in which students’ knowledge and collective action can be enhanced. To do this, we
need to consider who and what sources of information students trust. We therefore asked students to rank who they would most trust
to give them correct information about climate change (rank = 1) and who they would trust the least (rank = 8). As figure 4 indicates,
scientists emerged as the group students trusted most (mean ranking 2.6), followed by teachers (mean ranking 3.14), and news media,
and environmental groups (mean rankings 3.83 and 3.89 respectively). Government officials, family, and friends had mean rankings
on the lesser trust side of the scale.

We suggest that the enormous level of trust placed in scientists carries with it a responsibility for the scientific community to
play an active role in disseminating information about climate change and the actions which students can take to help prevent it.
Together with educators, who are also highly trusted, scientists can help increase students’ understanding and especially help them
avoid the significant misconceptions identified in this and other studies.



However, some caveats about scientists’ potential role are in order. Trust is fragile and asymmetric, meaning that it takes just
a few actions to destroy trust, while developing and sustaining trust require enormous and continuous action (Slovic 1991). This
suggests that scientists should be cautious about taking on an advocacy role in the face of uncertain information. Further, scientists
need to have a clearer sense of the exigencies facing the media and to try to ensure that their statements are reported accurately,
complete with information about uncertainty and information about ranges of expected changes rather than point estimates.

Studies from the field of risk perception indicate that conflict among scientists tends to confuse the public and typically leads
to a heightened sense of risk perception. However, such conflicts can also lead to a dismissal of the risks involved, as was advocated
in policy circles during the Bush administration in the context of the Rio de Janeiro "Earth Summit." A final caveat, also drawn from
the field of risk perception, focuses on scientists’ overconfidence and tendency to dismiss laypeople’s concerns as without merit.
Scientists have been shown to display the same judgmental heuristics and biases as lay people. And scientific training can lead to a
dismissal of dimensions of risks which may be qualitative rather than quantitative. For example, when prioritizing risks, scientists may
focus entirely on expected mortality. In contrast, when laypeople prioritize risks, they take into account qualitative features such as
whether the risk was undertaken voluntarily, e.g., smoking. Policy makers need to be cognizant of the larger dimensions of risks if the
response strategies they design are to be effective (Slovic, Fischhoff, and Lichtenstein, 1979).

5. RECOMMENDATIONS

5.1 For Educators

The significant misconceptions which students display in the context of climate change suggest the need for better
educational materials focused on environmental issues. More time also needs to be devoted to helping students develop an
understanding of how they can individually take environmentally beneficial actions. The traditional school curriculum may be
inadequate to deal with the multidisciplinary nature of environmental problems, and may also be unable to incorporate newly
emerging issues such as climate change. The development of multimedia modules, e.g., videos, devoted to explaining environmental
problems and their solutions and correcting popular misconceptions could provide a significant return in a short time period.

5.2 For Scientists

The enormous trust bestowed in scientists suggests that the science community should play an active role in correcting
misconceptions and enhancing environmental literacy. One way in which this could be done is to work with educators in developing
educational materials which are accessible and accurate. Scientists and educators need to build on such insights and work with
communications specialists to design materials for students, the public, and policy makers.

Remote sensing data, given its colorful nature and large scale, can bring home the lessons of human impacts on the
environment in a dramatic and memorable manner that would enhance student interest and awareness. The remote sensing community
has been working on educational initiatives for a while now (European Space Agency, 1990) but its emphasis seems to be on
enhancing understanding of remote sensing specifically. Our suggestion is for the remote sensing community to work with scholars in
related areas to develop materials which will dispel misconceptions about humans and their interactions with the earth system.

5.3 For the SPaRCE and GLOBE Progams

SPaRCE and GLOBE utilize measurements by students as scientific input. The challenge now is to use this link with students
to reverse the verification process--by enabling the development of activities and the dissemination of information about climate
change and human-environment interactions in an accessible and comprehensive manner. These programs currently involve students
in data collection and by ensuring that this data is integrated with scientific research, these programs help assure students that their
efforts are part of a large-scale enterprise oriented toward environmental protection. While this is a significant first step, data
collection can be a tedious activity, and it alone may not satisfy students’ evident enthusiasm for active environmental protection.
Therefore programs like SPaRCE and GLOBE should consider ways through which collective activity oriented toward environmental
protection could be facilitated.
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CITIES AS URBAN ECOSYSTEMS: A REMOTE SENSING PERSPECTIVE

Dale A. Quattrochi, NASA, ES41, Global Hydrology and Climate Center, Marshall Space Flight Center,
Huntsville, AL 35812

PURPOSE:

The urban environment can be viewed from an organismic or systems ecology approach where energy and material flow in
cycles into and out of the urban milieu. Thus, the urban ecosystem is synergistic in linking air, land, water, and living organisms in a
vast network of interrelated human, biological, and physical processes. Identifying the links in the network and their relative
importance to the overall ecosystem yields new insights and inspires more efficient deployment and utilization of activities, resources,
and space. With such knowledge, cities can develop, improve, or maintain a sustainable environment for humans by conserving
resources and minimizing wastes, and by disposing and reclaiming waste economically, efficiently, safely and aesthetically. The urban
environment is extremely complex, however, and attempting to study the city as an ecosystem necessitates that key processes be
segmented or isolated to permit their observation, measurement, and analysis within a synergistic framework. This paper focuses on
how remote sensing can be used to provide descriptive and quantitative data on specific aspects of urban ecosystem components -
particularly for measuring surface energy fluxes, such as thermal or "heat" energy that emanates from different land cover types across
the city landscape. The paper also provides insight on how remote sensing, with its synoptic approach, can be used to provide urban
planners and other decision-makers with information to better manage the urban ecosystem as it relates to the sustainable city.

1. BACKGROUND

The city is perhaps the most egregious testimony to human-kind’s penchant for changing, modifying, transforming, and
"managing" the natural environment. As a human manifestation, cities draw us to them for social and economic nurturing, yet
confound us with their societal problems, pollution, and transportation vexations. The human propensity to congregate in cities is
indeed a conundrum. Yet, it is because the vast majority of the people on planet Earth live in cities that we must be diligent in
developing, nurturing, and maintaining sustainable urban environments. The urban milieu, however, is an extremely complex entity.
Cities have myriad socioeconomic, biological, and physical interactions that operate both independently and in concert to create a
heterogeneous mixture of cause and effect processes. The magnitude of these collective interrelations define the level of urbanization
that exists - from small towns of a few hundred people to the large urban megalopolis that is the habitat for millions.

Because cities are so heterogeneous in nature, they are difficult to study from a synergistic perspective. If viewed from an
organismic or systems ecology approach though, the city may be surveyed as a series of energy and material flows that cycle into and
out of the urban environment. Thus, it is the interlinkage of air, land, water, and living organisms in an expansive network of
interrelated human, biological, and physical processes that conjoin to delimit the urban environment. The urban ecosystem concept
provides a powerful tool for understanding the dynamics of the city as a "living" entity. It furnishes a framework for perceiving the
effect of human activities on the local, regional, or potentially, even global environment. It also facilitates weighing the relative costs
and benefits of alternative actions that may mitigate human-induced environmental pressures. Additionally, the ecosystems approach
is appropriate for examining all levels of physical, biophysical, climatic, hydrologic, and socioeconomic activities from the urban
pond to the effects of the megalopolis on the regional climate. Identifying the links in the urban ecosystem and understanding their
importance in the overall ecosystem, yields new insights and inspires more efficient deployment of activities, resources, and space.
With such knowledge, both inhabitants and decision-makers can make better, more informed choices on how to maintain the city as a
livable, ecologically viable, and sustainable urban environment.

The urban ecosystem is consumption driven by human demands. As an entirely human manifestation on the land, the city is
inherently consumption-oriented that utilizes vast quantities of resources located either in close proximity or distant to its specific
geographic location. In return, large quantities of waste are expelled from the city in the form of hydrologic, airborne, biological,
chemical, and anthropogenic (e.g., metals, plastics) effluent into the surrounding environment. In many cases, the effects of these
waste byproducts can be carried far outside of the local urban environment, for example, as air pollution or contaminated water. If
viewed from an ecosystem perspective, the whole spectrum of inflow and outflow interrelationships that form the urban environment
can be idealized as a series of cycles or transport routes. Figure I provides a generalized overview of some of the key cycles that
operate within the urban ecosystem. The quantities of materials moving through the cycling processes may be evaluated in terms of
mass-balance or mass-budget; hence, if viewed from “classical" energy balance or water budget approaches, quantification of the
input of matter or material into the city, the storage of these input properties and their transfer or conversion, along with the output of
"waste" or other characteristics can be analyzed (Douglas, 1983). Using this approach, it is theoretically possible to account for all
matter coming into, moving through, and flowing out from the city; practically this is difficult because of the interlinkages and
dependencies exhibited by the multitude of processes functioning in the urban ecosystem. Nonetheless, it is worthwhile to attempt to
analyze the city as a series of cycles like those displayed in Figure 1, to assist in identifying how human activities within the urban



environment affect other aspects of cities and their surroundings. In effect, the cycling of the processes innate to the city can be
compared to the mass energy budget or nutrient balance of a forest or pond ecosystem (Miller, 1981; Douglas, 1983).

2. ANALYSIS OF URBAN ECOSYSTEM CHARACTERISTICS: THE CASE FOR REMOTE SENSING

The complexity of the interactions extant within the urban ecosystem preclude the whole-scale study of ecosystem dynamics
in their entirety. Instead, it is useful to break down urban ecosystem cycles into separate processes whereby their flows into, through,
and out of the ecosystem can be identified, measured and evaluated as discrete phenomenon or phenomena. This separation into more
easily analyzed units can be accomplished through a number of ways, but all ultimately depend upon the spatial or temporal scale of
observation. For example, an important characteristic of urban ecosystems is their spatial dimensions based on land use. Because of
the extreme heterogeneity of the city landscape, land uses may be broadly separated into three primary zones: the built city, the urban
fringe, and the urban shadow (Dorney and McLellan, 1984) (Figure 2). The distinction between these three zones depends upon the
economic and human uses of the land (e.g., commercial, industrial, service, residential) as well as the type of features that exist on the
land (e.g., buildings, parking lots, trees). The built city or urban core (Bryant, 1982) is the portion of the city which is the most densely
serviced area (e.g., in terms of energy, water sewage, transportation, communications). The urban fringe is a zone of mixed land uses
and exists as the developing service area outside of the urban core, where new tract housing or industrial parks may be interspersed
with vacant or ruderal land or small parcels of remnant agriculture (e.g., pasture land, orchards). Urban fringe areas may include
suburbs depending upon how land uses are structured within the suburban complex, or they may reside adjacent to suburbia as a zone
of transition. As a third zone, the urban shadow remains as an area that is near enough to the urban core to permit extensive
commuting into the city, and is largely exurban in nature. Here land uses are predominantly semi-rural, but developmental pressures
are prevalent as industry or residential housing creeps outward from the urban core and even the urban fringe zones as the city
expands. The characteristics of urban-related land uses that exist within each of the three zones can be analyzed by focusing on each



area independently to examine their specific spatial land cover dynamics. To examine the how the land use characteristics of each
zone are interrelated or to study the transitional effects that may be present in moving from one zone to another is complicated
multifold, because analysis transcends different spatial, and even temporal, scales at which the land use processes within these zones
operate. Remote sensing, however, offers the prospect of observing and identifying landscape characteristics inherent to each of these
three zones at different space and time scales. Moreover, remote sensing offers a synoptic perspective that can be used to observe and
measure the static and dynamic states of each of these three zones, as well as to characterize the transitional gradations and
interactions that occur between them.

2.1 Remote Sensing of the Urban Ecosystem

With the capability to obtain data at different spatial and temporal scales, as well as in different portions of the
electromagnetic spectrum, remote sensing technology offers a unique capability to establish quantitative insights on urban ecosystem
functioning. The applicability of remote sensing for identifying, observing, and measuring urban landscape characteristics as one
component of the urban ecosystem is well known (see for example, Jensen, 1983; Haack, 1987; Dawson and Parsons, 1994;
Tin-Seong, 1995). Remote sensing data have also been shown to be useful for assessing or measuring quality of life indices for urban
areas (Weber and Hirsch, 1992). Perhaps the most attention in urban remote sensing has been given to mapping land use or land cover
types and the changes that occur through time; i.e., in examining the characteristics inherent to the urban core, urban fringe, and urban
shadow zones (Figure 2) and the dynamics that occur within and across these zones. Digital multispectral remote sensing, however,
are also useful for developing a spatial, temporal, and quantitative understanding of key aspects of the urban ecosystem and its
respective cycles (Figure 1). One example of this, is the work by Ridd (1995) which employs a vegetation- impervious surface-soil
(V-I-S) model based on remote sensing data as a foundation for characterizing urban/near-urban environments, and for comparison of
urban land cover morphology within and between cities. Thus, the analysis of V-I-S attributes through remote sensing offers one
potential way of understanding the state of, and linkages between, the Urban Fabric, Urban Lithosphere, Urban Biosphere, and Urban
Hydrosphere cycles illustrated in Figure 1. It appears useful to also consider extensions of this type of modeling analysis to studying
the linkages of the urban surface (i.e. Urban Fabric) with the Urban Atmosphere, and the flows into and out of other urban ecosystem
cycle nodes. The application of remote sensing because of its multispectral, multispatial, and multitemporal capabilities, exists as a
fundamental data source for deriving a more complete and integrated analysis of the urban ecosystem, and the processes inherent to it
from both a discrete (i.e., single-point process, phenomenon or characteristic) or potentially synoptic level (i.e., enveloping the entire
urban domain and potentially beyond). This is particularly true when remote sensing data are combined with geographic information
systems to examine complex space-time-process interrelationships (Davis et al., 1991).



3.0 REMOTE SENSING OF URBAN SURFACE-ATMOSPHERE INTERACTIONS: THE URBAN HEAT ISLAND
EFFECT

In respect to the use of remote sensing data for examination of the interrelationships between the Urban Fabric and the Urban
Atmosphere ecosystem cycles (Figure 1), one area of analysis that has received significant attention is that of understanding urban
thermal patterns and the relationship of urban heating with the local climate. One of the fundamental components that makes the city
environment unique from its rural counterpart, is the climate that prevails over urban areas. The alteration of the landscape (i.e.,
fabric) through urbanization involves the transformation of the radiative, moisture, and aerodynamic characteristics that displace the
natural channeling of energy through the solar and hydrologic systems. (Again, this imparts the examination of the interlinkages
between urban ecosystem cycle nodes illustrated in Figure 1). Although large-scale atmospheric and climatic phenomena are global in
scope, urban areas cannot be viewed in isolation because the local environment modifies the condition in the thin air stratum above the
ground, generally referred to as the atmospheric boundary layer. As humans alter the character of the natural landscape in the
city-building process (i.e., transition from the urban core to the urban fringe, Figure 2), they affect and impact local energy exchanges
that take place within the atmospheric boundary layer. The end result from this modification of the landscape influences the local
(microscale), mesoscale, and potentially even the macroscale (global) climate.

Analysis of the distribution and temporal dynamics of urban temperatures serve a variety of theoretical and practical
functions (Oke, 1982; Lee, 1984) Foremost has been the use of surface thermal data in studying the characteristics and development of
the Urban Heat Island (UHI), which exists as a dome of elevated temperatures presiding over a city, particularly at night, in contrast to
its rural surroundings (Landsberg, 198 1). Variations of surface and air temperatures within the UHI reveal the impact of the
heterogeneous and complex urban landscape upon surface energy budgets (e.g., albedo, emitted surface radiation) and resulting
temperature patterns (Balling and Brazel, 1988).

The extreme land cover and spatial heterogeneity across the urban landscape complicates the collection of synoptic in situ
measurements of energy balance flux parameters that drive, or force development of the UHI and ultimately, the urban climate. I t has
been suggested that data on surface boundary conditions (i.e., land-atmosphere interactions) could readily be acquired through remote
sensing techniques (Myrup, 1969; Outcalt, 1972; Carlson et al., 198 1; Warmer and Hertig, 1984). Thus, through using remote
sensing, particularly thermal infrared data obtained from aircraft or satellite sensors, the dynamics of radiation emitted by urban
surfaces (i.e., upwelling longwave surface radiation) could be measured for discrete portions of the urban surface (i.e., specific land
cover types such as pavement or rooftops) or even synoptically for larger portions of the urban environment. This information is
important to modeling and understanding how the components of the urban landscape affect the dynamics of longwave radiation as an
integral part of land-atmosphere interactions or Urban Fabric-Urban Atmosphere ecosystem node processes.

3.1 Analysis of Thermal Energy Responses from Discrete Surface Materials Using Remote Sensing

Although substantially more complicated in urban areas, which have a multitude of reflective properties and surface material
types with varying physical characteristics, the interaction of solar, atmospheric, and terrestrial radiation at the Earth’s surface may be
stated as follows:



Although it is conceivable that remote sensing technology can contribute to the measurement of all the parameters given in
equation (1), the factor QL↑ is more amenable to measurement as a separate flux (Landsberg, 198 1). Numerous studies have verified
the existence of the UHI, and the broad scale distribution of temperature differences over the urban landscape or differences in urban
temperatures as compared to those of adjacent non-urbanized areas, using data from satellite and airborne remote sensing platforms
(see for example, Rao, 1972; Matson et aL, 1978; Goldreich, 1985; Balling and Brazel, 1988, Kim, 1992). These studies have
demonstrated that upwelling longwave radiation from the urban surface can be detected and measured using remote sensing, but they
have provided for the most part, limited knowledge on the thermal energy responses and day-night thermal dynamics contributed by
discrete surfaces common to the urban landscape as an elemental unit or "building block" of surface-atmosphere energetics within the
overall urban ecosystem.

As Flynn (1980) suggests, the problem related to the lack of knowledge concerning the effect of surface material types and
patterns on urban climatological phenomena (such as the UHI), is a spatial one. A solution is to measure the attributes of space at a
scale commensurate with that where the process becomes evident. The object of study then becomes the urban space that describes the
energy budget or climatic process within an areal unit. It is also suggested (Flynn, 1980) that approaching the problem in this way
focuses on pattern measurement of a basic urban surface (i.e., a surface material type or land cover within a specified area), and may
explain some of the variability in urban temperatures across the city landscape as a key process or flow between the Urban Fabric and
the Urban Atmosphere.

Considering this spatial problem within the context of the entire urban ecosystem, therefore, it is useful to examine how
remote sensing can be employed to measure and assess energy upwelling from discrete surface materials typical of the urban
landscape using thermal infrared remote sensing data. Measurement of thermal energy responses at the micro scale offers three
advantages: 1) it allows discrete separation of the thermal behavior of varying materials; 2) it provides for spatial aggregation of
thermally meaningful segments of the urban environment to better understand the substructure of broader land-atmosphere
interactions, such as the UHI; and 3) it provides a stronger base for ecological model building, linking energy flux with moisture flux
(e.g., transpiration, precipitation, distribution, runoff, and moisture uptake), air quality, and perhaps human responses within the
overall context of the urban ecosystem.

3.2 An Example

Data from the airborne Thermal Infrared Multispectral Scanner (TIMS) have been used to measure thermal energy responses
for surfaces across the Salt Lake City, Utah metropolitan area (Quattrochi, 1990; Quattrochi and Ridd, 1994, 1996). Although TI MS
data had been used to derive thermal energy measurements of non-urbanized land covers, primarily over forested areas (Sader, 1986;
Luvall et al., 1990; Luvall and Holbo, 199 1), data from this airborne remote sensing instrument had never been used prior to this
study, to record and analyze longwave thermal responses over a large urban environment. These data offer the capability to observe
and measure the dynamics of upwelling longwave thermal responses for discrete urban land cover types for daytime, nighttime, and
for change in thermal energy between day and night (i.e., flux) to assist in understanding how these surfaces behave as thermal
building blocks that drive city surface-atmosphere interactions.

The TIMS is a multispectral scanner with six narrow wavebands in the 8-12µ range (Palluconi and Meeks, 1985). Data were
collected using the TIMS over Salt Lake City during mid-August at pre-dawn and at solar noon to capture the periods of minimum
temperatures and maximum solar irradiance. A flight line was selected to provide a representative transect of the urban landscape,
which included the central business district (CBD) (i.e., Urban Core), and industrial, commercial, residential, and recreational land
uses. Additionally, this aircraft flight line encompassed areas at the Urban Fringe zone where residential housing was expanding into
what had previously been agricultural lands at the outer periphery of the city. These TIMS data were obtained at a very high spatial
resolution (5m pixel) for both daytime and nighttime, to permit the quantification of thermal energy for specific, discrete surfaces
across the urban landscape.



The TIMS day and night data collected over Salt Lake City were corrected for atmospheric effects. To avoid problems
associated with obtaining temperature measurements from urban surfaces that have highly variable emissivities and to facilitate the
more direct measurement of the total amount of upwelling thermal energy emanating from discrete city surfaces, the data were
converted into Wm-2 or energy terms (Quattrochi and Ridd, 1994).

Figure 3 presents an example of TIMS daytime data acquired over the Salt Lake City CBD (Urban Core). Although this is a
black and white rendition of a color image depicting increasing energy responses from "cold" to "hot" for discrete surfaces across the
CBD, Figure 3 does illustrate that fine resolution TIMS data can be used to both identify specific urban surfaces and quantify the
amount of thermal energy upwelling from these surfaces. In the figure, surfaces with lower thermal energy responses appear in dark
tones, while surfaces that exhibit very high thermal energy responses appear in white. Of particular note are the two areas that appear
as dark-toned, city-blocks located at the middle bottom and bottom right in the figure. These areas are parks that are extensively
vegetated in the form of trees and grass, and illustrate how much of an impact the urban forest and other vegetation common to the
city surface (e.g. residential lawngrasses) have on mitigating the amount of thermal energy (or more realistically, "heat) that is input
into the lower atmospheric boundary layer. In contrast are the very high thermal responses shown in white or very light gray tones in
Figure 3, that exist as a variety of urban surfaces which emit high thermal energy responses. These areas are representative of
dark-colored rooftops (e.g., black metal) or inert surfaces comprised of asphalt and dark gravel material that are found, for example, in
rail yards located on the left side of the figure.

To illustrate the relative magnitude of the differences that can exist in thermal energy responses for the Salt Lake City
landscape, Figures 4 and 5 show a three-dimensional perspective of the upwelling thermal energy as measured from the TIMS, for 384
polygons selected over residential housing areas. These polygons consist of homogeneous clusters of pixels delineated from the TIMS
data, where residential houses are interspersed with trees. In each 3-D graph, the x axis gives the number of polygons delineated for
this particular class of urban land uses. The y axis gives the response recorded by each of the six TIMS channels, and the z (vertical)
axis gives the magnitude of response per channel in Wm-2.

Figure 4 presents daytime thermal responses for residential areas with trees (e.g., residential trees) surveyed in Salt Lake
City; Figure 5 illustrates nighttime thermal responses for the same surface type polygons. As seen in Figure 4, daytime thermal energy
radiances for residential trees is relatively consistent, with energy responses being expressed in TIMS channel 5 (10.2-11.2µm)
peaking at approximately 100 Wm-2. The tall "spike" in responses seen in Figure 4 results from the measurement of thermal energy
over several polygons that were comprised of densely-packed apartments or condominiums where there were few, if any, trees
present. Overall, however, daytime thermal radiances for residential trees areas surveyed in Salt Lake City were surprisingly uniform
at around 84 Wm-2.



In contrast, Figure 5 illustrates TIMS thermal energy fluxes for the same surface type, but recorded at nighttime (i.e,.
pre-dawn). Thermal radiances are extremely consistent for example, at around 50 Wm-2 in TIMS channel 5, even for those polygons
that displayed considerably higher responses in Figure 4 (i.e., for apartments and condominiums). The responses depicted in Figures 4
and 5 suggest, therefore, that trees make a considerable difference in mitigating daytime thermal energy responses expressed by the
urban surface, and that residential housing areas where trees are present without respect to the placement or arrangement of trees,
exhibit very similar thermal energy patterns.

On the other hand, the upwelling thermal energy emitted by buildings, as an integral component of the Urban Fabric
ecosystem node (Figure 1), is much more dynamic. Figures 6 and 7 illustrate respectively, TIMS daytime and nighttime 3-D thermal
radiances for 147 polygons selected for building rooftops within the Salt Lake City CBD and an adjacent industrial area. As seen in
Figure 6, thermal energy responses range from about 60 Wm-2 in TIMS channel 5 to approximately 140 Wm-2.

The anomalous polygons that show low daytime thermal energy response are representative of buildings with aluminum or
highly polished metal roofs that reflect most of the incoming solar radiation (i.e., have a low emissivity). Other rooftops surveyed in
the Salt Lake City study were comprised of a diverse array of material compositions, which are to some extent, expressed in the range
of responses illustrated in the graph (Figure 6).

Nighttime (pre-dawn) thermal energy responses exhibited in Figure 7, although not as high as in Figure 6, are still
inconsistent for the polygon pixel clusters examined from the TIMS Salt Lake City data. Here radiance values trend from around 30
Wm-2 in channel 5 for aluminum and metal roofs to a high of around 60 Wm-2.

Analysis of both Figures 6 and 7 illustrates that measurement of thermal energy fluxes at a discrete level and with fine
resolution remote sensing data provides useful insight into how buildings and rooftops, as a significant component of the Urban
Fabric, contribute to surface-atmosphere energy exchange dynamics within the overall urban ecosystem. Moreover, comparison of
these responses with those shown in Figures 4 and 5, illustrates how important trees (or rather, the "urban forest") are in mit igating
thermal energy responses upwelling into the lower atmosphere. Outside of being aesthetically pleasing, therefore, trees serve a



significant purpose in dampening or reducing the amount of thermal energy (or "heat") that is injected into the urban boundary layer,
and ultimately, lessening the effects of the urban heat island.

4. ANALYSIS OF URBAN ECOSYSTEM COMPONENTS USING REMOTE SENSING: SOME CONCLUDING
REMARKS

It is evident that remote sensing can provide important quantitative information on how thermal energy fluxes, as a
fundamental input to the UHI, vary as a function of discrete urban surfaces. Moreover, remote sensing because of its synoptic
characteristics, can be used to measure urban landscape energy flux parameters at different space and time scales. This multiscale
attribute is key to evaluating not only how urban surface-atmosphere interactions are manifested at different scales, but also provides a
unique view of how interlinkages within the overall urban ecosystem may be affected by changes in the state and dynamics of the
Urban Fabric.

The urban ecosystem approach offers a powerful tool for analysis of how the city as an "organism" of human design, operates
and functions synergistically. In using an ecosystem purview, planners and decision-makers can make better and more informed
decisions on what cause-effect relationships will result from specific actions as they impact the total urban environment inclusive of
all the processes that converge to form the city - physical, biophysical, climatic, hydrologic, and socioeconomic. It is obvious that
remote sensing has a fundamental role in providing data that can be used to derive more robust models and ultimately, more informed
decisions and actions, for developing and maintaining sustainable urban environments.
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MONITORING URBANIZATION AND URBAN CLIMATE BY SATELLITE

Toby N. Carlson Professor, Dept. of Meteorology, The Pennsylvania State University, University Park, PA, 16802, USA and Timothy
W. Owen Physical Scientist NOAA/NCDC, Asheville, NC, 28801., USA.

PURPOSE:

Urbanization -- the creation of industrial, commercial and residential spaces from agricultural or forested land -- has attracted
the attention of climatologists since the early part of this century when the urban heat island came to be well documented. Although
much has been written about the impact of urbanization on surface energy budgets and on surface air and radiant ground temperature,
difficulties remain in translating this information into practical applications. We see this problems in three parts: (1) the need to
translate changes in urban land use into fundamental state parameters (other than temperature) which could be used, given a particular
land use change, to both describe and predict the resulting changes in urban microclimate; (2) urban planners have not yet felt the need
to make use of potential climate descriptors, and (3) remote sensing is not yet appreciated as a tool in monitoring neighborhood-scale
land use changes over periods of years or decades. The purpose of this paper is to indirectly address these three issues by illustrating a
method for analyzing the climatic impact of urbanization using satellite measurements.

1. OVERVIEW

Unrestrained growth of cities, depletion of natural resources, the disappearance of forests along with wildlife habitats are
among the main concerns of humankind as the 20th century draws to a close. Much of recent urban expansion in the United States has
taken place at the expense of agricultural land, but significant loss of forested areas has also accompanied the growth of outlying urban
centers. Such a transformation in the land surface profoundly affects the local microclimate. However, not all such changes in
microclimate are necessarily deleterious to humans, nor is urbanization always accompanied by an increase in temperature and a
decrease in vegetation amount and soil moisture; the opposite may be true for desert environments.

Our ability to monitor the climatic effects of either the beneficial or deleterious effects of deforestation and urbanization is
hampered by the scale of the encroachment, by the inaccessibility of many affected areas, by constraints imposed by regional political
sensibilities, and by insufficient interest or insufficient funds in the scientific community. Nevertheless, urbanization is recognizable
on satellite images by changes in surface radiant temperature and vegetation index, from which estimates of soil moisture, surface
runoff and vegetation fraction can be made. Most of the attention in satellite remote monitoring of urbanization has been focused on
the so-called ’urban heat island’. It has become increasingly clear, however, that urbanization no longer involves a simple expansion or
development of a recognizable population center but, rather, the formation and expansion of many separate commercial and residential
centers about a relatively stable inner region.

Relating changes in local microclimate due to urbanization to the impact it has on human activity, such as the added or
reduced energy consumption in buildings, changes in the length of growing season, etc., still remains an elusive goal. More important,
however, than deriving a single set of parameters, is a description of the relative and ongoing changes in microclimate that occur over
years or decades and the ability to predict future changes given a specific growth scenario expressed in terms of changes in derived
land surface parameters.

With very few exceptions, land use classification data, as represented in Geographical Information Systems (GIS), are
expressed in terms of nonphysical descriptors, such as commercial, industrial, forest, or agricultural. For example, such information is
the basis of detailed maps of deforestation (e.g., Sader and Joyce, 1988). Furthermore, many investigations of deforestation and land
use change, based on remote surface measurements of land use and vegetation cover, tend to focus on a general description of the
vegetation, i.e., on estimating biomass or green foliage (Tucker et al., 1984; Asrar et al., 1984; Goward et al., 199 1), or as a
qualitative tool to study specific ecosystems (Hall et al., 1991). Sader et al. ( 1990), in an overview of current efforts to apply remote
sensing techniques to monitor tropical forests, merely states that current satellite technology is adequate for this purpose. Thermal
infrared data, however, is usually not incorporated in this analysis, but is relegated to a secondary role, such as to assess the degree of
cloud contamination.

These semi -quantitative methods are, of course, highly useful for a variety of purposes (sociological and ecological) but lack
the physical basis which permits the assessment of changes in microclimate. Moreover, attempts to monitor deforestation over
extended periods have proved elusive, and are often highly qualitative (Sader et al., 1990), although Tucker et al. (1985) express a
guarded affirmation that satellite measurements of vegetation indices reflect trends in agricultural practices.

Remote measurements of thermal infrared temperatures have been used much more widely in studies of urbanization than for
deforestation. In most cases, the focus has been on the temperature perturbation known as the urban heat island (Matson, et al., 1979;
Goward et al., 1985; Roth et al., 1989). Recent investigations, however, have begun to incorporate vegetation index measurements,



along with surface radiant temperature differences between urban centers and their surroundings, as a measure of urbanization (Gallo
et al., 1993). While such papers tend to show a relationship between the urban-rural differences in vegetation and surface radiant
temperature, they provide no information on the fundamental parameters from which predictions of future surface climate changes can
be made.

There is, however, no doubt that a possibility exists to estimate, with the aid of satellites, surface variables that reflect the
impact of deforestation and urbanization from the microscale (microclimate) to the macroscale (regional) climate. For example, there
are clear relationships between variables such as water stress and vegetation biomass as well as a number of radiance-derived indices
(e.g., Nelson et al., 1987; Szekielda, 1988; Pierce et al., 1990; Spanner et al., 1990; Cihlar et al., 199 1; and Hall et al. 199 1). Nemant
and Running (1989) suggest a relationship between normalized difference vegetation index (NDVI) and a canopy resistance for
deriving a measure of water stress in forests; while Thunnissen and Nieuwenhuis (1990) and Jackson et al. (1977) discuss an empirical
land surface parameter ’B’ (a constant), from which one obtains daily surface evapotranspiration. Carlson et al. (198 1) also derived
two bulk land surface parameters (the thermal inertia and moisture availability) representative of the potential for evapotranspiration at
the surface. Many of these relationships, however, are based on bulk parameters, i.e., those which represent the combined impact of
soil and vegetation.

2. PHYSICAL BASIS

Current state of the art boundary layer schemes (e.g., Taconet et al., 1986; Sellers et al., 1986; Abramopoulos et al., 1989;
Dickinson et al., 199 1) demonstrate the importance of calculating separate energy budgets for both soil and vegetation surfaces
(expressed as proportions of soil and fractional vegetation cover). This would make surface moisture availability and fractional
vegetation cover fundamental parameters in determining the surface energy budget (Avissar, 1992; Koster and Suarez, 1992; Carlson
et al., 1994).

Carlson et al. (1994) define the surface moisture availability (M.) as the ratio of extractable surface soil water content to field
capacity and the fractional vegetation cover (Fr) as the fraction of the surface visibly covered by leaves. As demonstrated by Collins
and Avissar (1994) and Friedl and Davis (1994), under clear sky conditions and during day-time hours, the surface evapotranspiration
is largely a function of surface moisture and vegetation cover. Thus, both parameters have precise physical meaning and are the
important factors in driving the surface energy budget. As we shall illustrate, they constitute a Land Cover Index (LCI) which can be
used to describe urbanization and deforestation, and serve as initial boundary conditions in the land surface components of
atmospheric models (Smith et al., 1994). The LCI should respond to normal seasonal evolution of the vegetation canopy or, more
importantly, to direct human impact on the land surface.

2.1 Some Definitions

Isopleths of the surface moisture availability in the schematic Figure I are derived using the triangle method, so called
because the distribution of pixels in surface temperature/vegetation space tends to form a triangular envelope (Carlson et al., 1994;
Gillies and Carlson, 1995; Gillies et al,. 1996). This method uses normalized difference vegetation index (NDVI) and surface radiant
temperature (Tir) to obtain surface soil water content and surface energy fluxes. NDVI, which is equated with fraction vegetation
cover, is defined as

where α represents reflectance and subscripts nir and vis refer to wavelengths above and below 0.7 microns. Surface moisture
availability is defined in terms of the surface evaporation over bare soil, which is:



where qa, is the specific humidity of the air, qs(Ts) the saturation specific humidity at the surface radiant temperature Tir, Le
the latent heat of vaporization and p the air density.

In order to compare scatterplots from different images, NDVI is linearly scaled between limits for bare soil (NDVIo) and
100% vegetation cover (NDVIs) (Choudhury et al. 1994; Gillies and Carlson, 1995). Scaling of NDVI is necessary when images from
several days are to be compared because the absolute values of NDVI tend to vary temporally in a non-systematic manner (Price,
1987). Therefore, the scaled value is defined as

Temperature is also scaled between the warmest (Mo=0; NDVIo) (Tmax) and coldest (Mo=1; NDVIs) (Ta) comers of the
triangle, as indicated in Figure 2; these are, respectively dry, bare soil and wet soil at 100% vegetation cover according. A scaled
temperature ( ) is similarly defined as

where   varies from zero to one as does Mo, whose isopleths extend from vertex to base of the triangle These limits are
determined first by inspection of the unscaled scatterplot supplemented by simulations with a soil/vegetation/atmosphere/transfer
(SVAT) model, from which isopleths of Mo and the surface energy fluxes are obtained. As the cold anchor point (Mo=1; NDVIs) is
consistently close to air temperature, it is customarily assigned the ambient air temperature (Ta).



An assumption in the triangle method is that Mo varies monotonically at constant NDVI from zero on the right side (the
’warm edge’) to 100% of its maximum on the left side and NDVI varies monotonically with Fr. We find that the empirical relationship,
Fr ≈N*2 , applies to a number of case studies (e.g., Gillies et al., 1996).

The importance of Fr in the surface energy balance can be seen through the following equation for the total
evapotranspiration (LEtot), which depends on the evaporation from bare soil (Equation 2) and transpiration from the leaves (LEf)

Gillies et al. (1996) argue that LEf is usually close to the potential (maximum) value for a particular set of meteorological
conditions unless the plant is undergoing severe water stress. As the temperature scaling (Equation 4) tends to remove fluctuations
produced by changes in ambient temperature, both spatial and temporal variations in the surface fluxes and surface radiant
temperature over a mix of vegetation and bare soil are strongly modulated by the fractional vegetation cover, Fr, and by Mo via
Equation 2. However, the sensitivity of the latent heat flux to Mo and Fr occurs largely below about 0.4 (or 40%) (Figure 3).

3. ESTIMATING Mo AND Fr: AN ILLUSTRATION

3.1 Methodology

Gillies and Carlson (1995) demonstrate that urbanization can be viewed in the context of Figure 1, in which a surface
location undergoing urbanization over time will usually experience an increase in Tir resulting from a reduction in both Fr and Mo.
The arrow in Figure 1 illustrates this hypothesis. Relating land cover statistics with values of Fr and Mo requires the coupling of sub-
pixel urban land cover data to pixel-wide values of Tir and NDVI. The former was attained through the Landsat TM sensor and the
latter through the National Oceanic and Atmospheric Administration (NOAA) Advanced Very High Resolution Radiometer
(AVHRR).



Figure 4 shows the location of the research study area, which encompasses a 1000 km2 region of Centre County,
Pennsylvania, USA and includes the borough of State College. This study area was selected due to its limited size, tight land-use
zoning, isolation from other metropolitan areas and convenient access for field verification of the results.

With a growth rate of 9.8% during the 1980s, Centre County was a site where substantial urban development had taken place
over the period in question (Centre County Planning Office, 1992). In light of this, eight AVHRR (in Level lb format) scenes were
obtained for the study area from the U.S. Geological Survey’s EROS Data Center-- two single-date, Local Area Coverage (LAC)
scenes each for the summers of 1985, 1988, 1991 and 1994. These scenes were selected to minimize both cloudiness and large
viewing angles from nadir of the satellite; viewing angles were restricted to less than 40° to minimize unacceptable errors in
reflectance values in lieu of performing a rigorous correction for angular dependency of reflectance (Paltridge and Mitchell, 1990).
Given these criteria, coupled with the requirement that images be selected during the period of stable vegetation growth (from
mid-June through mid-August) (Fisher, 1994), a limited number of scenes were available for selection.



It was not possible, however, to completely avoid cloud and haze contaminated pixels in some scenes. Fortunately, such
pixels were identified and excluded from the data analysis by using a modified cloud screening technique of Carlson et al. (1994).
Once selected, the raw data for each of the eight AVHRR scenes was rectified and radiometrically corrected in order to assure a
precise spatial and temporal inter-scene comparison (Emery et al., 1989). Two Landsat TM scenes were used in this study-- one from
1986 and another from 1993. Four pairs of AVHRR images were analyzed, two for each of the summers of 1985, 1988, 1991, and
1994. Image pairs were combined into a single scatterplot for each of the four years. All AVHRR images pertain to relatively
undisturbed days not immediately following significant rainfall.

A subset of each of the Landsat TM images (19 8 6 and 1993) was taken to encompass the study area (Figure 4) and
subsequently rectified (resampled to 25 meters resolution with a nearest neighbor algorithm) to UTM (Universal Transverse Mercator)
coordinates. This method of resampling was also applied to the AVHRR data as maintaining the different and discrete levels of
temperature was of primary importance while in the case of the Landsat TM data set nearest neighbor resampling is considered
sufficient before any form of classification is undertaken.

Radiometric correction was performed on each of the AVHRR scenes by first applying calibration coefficients provided in
the ephemeris data, followed by additional algorithms. In computing surface reflectance (i.e., correcting for the effects of atmospheric
scattering etc.) value for channels I and 2, a bulk haze correction was applied, based upon an offset that corresponded to the minimum
reflectance value for each channel (Richards, 1993). The at-sensor radiances for channels 4 and 5 were converted to at-surface-radiant
temperatures.

To facilitate an accurate temporal comparison between NDVI values from all AVHRR scenes, a sensor degradation
correction was applied to all NDVI values, based on the number of months between satellite launch and scene overpass (Che and
Price, 1992). This corrected set of NDVI values was the final product used in the data analysis.

Land cover statistics were derived for both Landsat TM scenes (1986 and 1993). These scenes were initially subjected to a
terrain normalization procedure that minimized solar illumination differences caused by topography (Hodgson and Shelley, 1994).
Then, a maximum likelihood supervised level I classification of developed areas was performed according to Anderson et al. (1976).
Five classes were distinguished-- water, forest, agriculture, developed and unclassified and ground-truthed using the following-- a
1990 EPA land cover map, Centre County aerial photographs and expert knowledge from Centre County’s Planning Office (Pennick
1995, private communication). The confidence of each pixel classification was evaluated using a spectral distribution of pixel
variances from the mean of each class. Those pixels that exceeded a confidence interval threshold of 95% (85% for urban) using a
Chi-square statistic were reclassified as unknown. From the five known classes, land cover statistics, that included the percentage of
urban development for each AVHRR pixel, were compiled from a possible 1600 Landsat TM pixels corresponding to each AVHRR
pixel.

3.2 Results

Land cover was classified into three broad classes: forested, agricultural and developed. AVHRR pixel subsets for each of
these classes were based upon the classified Landsat TM images.   and Fr attributes for each class were distinctly separate. The

forested pixel average, for example, was centered near the point   = 0. 17, Fr = 0.8, while agricultural and urban pixel averages were

centered at higher values of   and lower values of Fr. The separation of urban areas from other land cover types in terms of   and Fr
reflects the sensitivity of vegetation and surface radiant temperature to urban land use. High spatial resolution thermal infrared
measurements by Nichol (1996) suggest that such distinctions, particularly between urban and vegetated pixels, yield similar
separation in the surface radiant temperature response at the resolution of a city block. Although no single pixel in the study area was
completely urbanized, by implication, fully urbanized surfaces would be found where   > 0.9 and Fr = 0 beyond the lower right comer
of Figure 5.

From the distribution of land cover types in Fr/   space, a land cover index (LCI) is determined. This allows the temporal
process of urbanization to be quantified in terms of a location’s starting point in the figure (representative of the mean influence of
surrounding land cover) and the magnitude of change (representative of the urbanization process, assuming that surrounding land
cover remains relatively unchanged during the time period under consideration). The spatial distribution of LCI values in the figure
are determined by tangents to the one and two standard deviation ellipses normal to an overall linear relationship between Fr and   for
all eight AVHRR images. The thin curved lines are isopleths of Mo. The LCI and Mo Isopleths show the temporal relationship
between the land cover parameters and urban land cover for pixels in the study area that underwent "robust development" (defined for
pixels that underwent a minimum of 10% increase in development from 1986 to 1993 as defined by the two Landsat land cover
classifications). Altogether 5 areas exhibited more than 10% or more urbanization, as defined in the Landsat classification; (Two of
these are shown in Figure 5).



For comparison, a composite trajectory of unchanged urban pixels is shown; this was derived from the mean of an ensemble
of pixels that were at least 25% developed in 1986 and underwent no further increase in development by 1993. By definition, thi s
control composite pixel should remain stationary in the absence of inter-scene variability. For reasons to be discussed in the next
section, the 1988 points were excluded from Figure 5.

An interesting contrast, to be discussed in the next section, is between the Park Forest (10% increase in urbanization) and the
Glenview (25% Increase) neighborhoods. The difference in the 1985 Fr and Mo values between the Park Forest and Glenview pixels
in Figure 5 is related to the dominant surrounding land cover class for each pixel. Park Forest is predominantly deciduous forest, while
the Glenview pixel consisted of formerly agricultural land with small homes, short or sparse vegetation and partially bulldozed fields.
A comparison of the 1986 and 1993 Landsat classifications shows that the make-up of surrounding land cover classes in these and all
five analyzed pixels remained unchanged. Thus, urban development was the primary cause of the migration of the pixels in the Fr/  
space.

4. DISCUSSION AND CONCLUSIONS..

The Glenview and Park Forest trajectories, as well as those of the other three pixels (not shown) exceeding 10% urbanization,
experienced similar decreases in Fr in conjunction with increases in  , and similar decreases in the LCI. Surprisingly, however,. Mo
exhibited little temporal variation. Although it may first appear that Mo Is low at both sites, small differences in Mo may be highly
important in classifying a particular site, as can be seen in Figure 3.

Another unexpected result was that the 1988 data (not shown), which corresponds to one of the warmest and driest summers
on record at State College, exhibited little change in Mo from the other years. In contrast, Fr decreased notably from 1985 to 1988 to
values near or below those of 1994.at all five sites. Inclusion of the 1988 data therefore gives the trajectories a more zigzag
appearance, but with an unmistakable decline in Fr and increase in   at nearly constant Mo from 1986 to 1994.



Differences in Mo between these Park Forest and Glenview sites are probably related to the tree cover and to the differences
in the amount of bare soil visible to the radiometer. The striking contrast between Figures 6a and 6b suggests that Mo constitutes an
intrinsic surface parameter independent of Fr. As Nichol (1996) has shown, bare soil can exhibit a higher radiant temperature than
buildings, so that pixels closest to the warm edge may be more characteristic of undeveloped urban surfaces or unirrigated farmland
than of center cities.

Finally, a significant finding is that AVHRR data can be used to classify the growth of individual housing developments. The
triangle method provides a framework for examining this growth because it is relatively easy to apply and it Is subject to a minimum
of fluctuation due to sensor drift or changing atmospheric conditions. In portraying urbanization so graphically and in terms of
parameters that govern the surface energy budget, the method may heighten awareness of the urbanization process .

The importance of trees in mitigating the climatic effects of urbanization - an Idea which has begun to take hold in Atlanta,
GA (Courtney, 1996; private communication) -- can not be understated. Values of LEtot calculated with the SVAT model indicate that
Park Forest experienced approximately a 15% decline in evapotranspiration and Glenview a 30% decline over the nine-year period
with values at Park Forest being much greater than those at Glenview.

Dow and DeWalle (1995) show that urbanization produces a decline in evapotranspiration and a corresponding increase in
runoff. If so, the planting of trees in urban areas would help to retain the precipitation in the ground, while not constituting an
additional demand on the urban water supply. Moreover, the addition of trees in the urban setting would exert a profound impact on
the local microclimate and ultimately on the power consumption both in summer (as the result of reduced air conditioning load) and in
winter (due to a decreased wind loading on houses).

These effects are now indirectly quantifiable through a combination of remote sensing and mathematical modeling of land
surface processes. We are currently extending this analysis to examine patterns of urbanization in Chester Co, PA, and deforestation in
Costa Rica.
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GLOBAL ASSESSMENT OF URBAN HEAT ISLANDS: A SATELLITE PERSPECTIVE
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ABSTRACT:

The use of remotely sensed data offers a potentially objective method for assessment of urban heat islands. Several studies
that utilized satellite-derived data are reviewed and future prospects are presented. The use of satellite-derived Normalized Difference
Vegetation Index data and the potential use of Defense Meteorological Satellite Program sensor data are reviewed in detail.

INTRODUCTION

The development of temperature differences between cities and their surrounding rural regions has been well documented
(Landsberg, 1981). The influence of urbanization on long-term temperature records (the urban heat island effect) has even been
detected for cities with populations less than 10,000 (Karl et al., 1988). Urbanization within the United States has had the greatest
influence on minimum (compared to maximum or mean) temperature records (Karl et al., 1988). Changnon (1992) presents a review
of additional climatic modifications attributed to urbanization.

Efforts have been made to adjust temperature records for the bias caused by urban build-up around weather stations located in
and near cities. One method for evaluation and adjustment of the urban heat-island (UHI) bias of climatological temperatures requires
"pairs" of urban and rural weather stations (Kukla et al., 1986; Karl et al., 1988). The majority of the research on the removal of UHI
bias has occurred in the United States because of the availability of long-term urban and rural temperature records. A globally
applicable methodology for assessing the UHI bias is needed to remove this bias from future temperature records in regions where
pairs of urban and rural weather stations are not available.

The use of urban population as a predictor of the amount of UHI bias has been studied (Oke, 1973; Oke, 1982; Karl et al.,
1988). Limitations to the use of population statistics as an estimator of the UHI bias include the lack of globally consistent statistics.
Additionally, population data given for a geographically arbitrary boundary can be difficult to relate to the population in the
immediate vicinity of a weather station.

Several studies have demonstrated that remotely sensed data can be used in analysis of urban heat islands. The use of
remotely sensed data may provide an objective and globally applicable methodology for assessment of the UHI effect.

The objectives of this paper are to 1) briefly review the satellite assessment of the UHI effect and 2) provide potential
prospects for future use of remotely sensed data to evaluate and monitor the UHI effect on a global basis.

REVIEW

General

Satellite-derived surface temperature data have been utilized for urban climate analyses in several studies (Rao, 1972;
Carlson et al., 1977; Matson et al., 1978; Price, 1979; Kidder and Wu, 1987; Roth et al., 1989; Carnahan and Larson, 1990). Rao
(1972) was the first to demonstrate that urban areas could be identified from analyses of thermal data acquired by a satellite. Matson et
al. (1978) utilized Very High Resolution Radiometer (VHRR) thermal data (10.5 -12.5 µm) acquired at night to examine urban and
rural surface temperature differences. Price (1979) utilized Heat Capacity Mapping Mission (HCMM) data (10.5 - 12.5 Itm) to assess
the extent and intensity of urban surface heating in the northeastern United States.

Roth et al. (1989) utilized Advanced Very High Resolution Radiometer (AVHRR) thermal data (10.5 - 11.5 µm) to assess the
urban heat island intensities of several cities on the west coast of North America. Daytime thermal patterns of surface temperature
were associated with land use; higher surface temperatures were observed in industrial areas than in vegetated regions. Nighttime
satellite observations revealed little difference in surface temperatures of urban and rural regions, which suggests that the sides of
buildings (rather than roofs) and the characteristics of other urban features may contribute to the higher minimum air temperatures
observed by thermometers in urban compared to rural regions.

Carlson et al. (1994) and Gillies et al. (1995) have utilized the normalized difference vegetation index (NDVI) and the
surface radiant temperature (Tsfc) to estimate surface soil moisture availability and the fraction of vegetation cover. Owen (1995) used
the methodology of Carlson et al. (1994) and Gillies et al. (1995) and observed that the fractional vegetation cover and Tsfc estimated



with AVHRR data were significantly related to the percentage of urban development (derived from classified Landsat TM data) within
the State College, PA region.

USA Analysis

Gallo et al. (1993a) evaluated a satellite-derived vegetation index, radiative surface temperature, and minimum air
temperatures for the Seattle, WA region for the interval of 28 June - 4 July 1991. The normalized difference vegetation index (NDVI)
and radiant surface temperature exhibited an inverse relationship for the region. Urban areas typically displayed low values of the
NDVI (and relatively high values of surface temperature) while the inverse was displayed for the rural regions. Although both NDVI
and radiant surface temperature were significantly related to minimum air temperature, the NDVI accounted for a greater amount of
the spatial variation observed in mean minimum air temperatures.

Gallo et al. (1993b) further evaluated NDVI, radiant surface temperature, and minimum air temperatures for each of 37 cities
and their respective nearby rural regions. The satellite-derived NDVI data, sampled over urban and rural regions composed of a
variety of land surface environments, were linearly related to the difference in observed urban and rural minimum temperatures. The
relationship between the NDVI and observed differences in minimum temperature was improved when analyses were restricted by
elevation differences between the sample locations and when biweekly or monthly (Figure 1) intervals were utilized rather than daily
data. Satellite-derived surface temperature data, sampled similarly to the NDVI data, were minimally related to observed differences
in urban and rural minimum air temperatures (Gallo and Tarpley, 1996).

The difference in the NDVI between urban and rural regions appears to be an indicator of the difference in surface properties
(evaporation and heat storage capacity) between the two environments that are responsible for differences in urban and rural minimum
temperatures. The urban and rural differences in the NDVI explained a greater amount of the variation observed in minimum
temperature differences than radiative surface temperature or past analyses that utilized urban population data.

The amount of variation in monthly urban-rural differences in minimum air temperature associated with variation in
urban-rural differences in NDVI (37%) was greater than that associated with population (29%) as evaluated by Karl et al. (1988). The
slope of the monthly relationship suggests that for each incremental NDVI urban-rural difference of -.1, a difference of .9° C might be
expected.

In addition to the limitation of the application of the NDVI analysis to cities (urban and rural regions) with elevation changes
less than 500 m, other potential limitations to the use of NDVI were cited by Gallo et al. (1993b). The ND vegetation index would not
be useful during the winter months in environments where the vegetation is no longer green and photosynthetically active. This



analysis also may not be appropriate for those cities located in arid climates where vegetation primarily exists within the urban areas
and is supported by irrigation.

Global Analyses

Within the study of Gallo et al. (1993b) urban and rural targets were identified based on locations of weather observation
stations and ancillary information about the stations and their environment. Observations in the Global Historical Climate Network
(GHCN, Vose et al., 1992) are usually limited to one per city. Many of the observation stations are situated in urban environments.
Thus, the technique used for sampling AVHRR data from urban and rural "targets" that was used in the USA is not applicable on a
global basis.

Urban and rural targets for the GHCN stations were identified in this preliminary analysis through the use of geographic
information system and image processing tools. One GHCN station per 10 by 10 degree region was selected for analysis with NDVI
data from the 1-31 May and 1-30 November 1992 composite intervals of the Global 1 km AVHRR land data set (Eidenshink and
Faundeen, 1994). NDVI data were sampled for R3 km regions centered on the station (urban) location and the 40x40 km (rural) region
that surrounded the station sample. Stations located on islands were excluded from the analysis. A threshold NDVI value of 0.0 was
used to restrict the analysis to cloud-free land surface features.

The mean global urban-rural difference in NDVI was -.03 during both May and November 1992 (Table 1). The greatest
difference was in the -29 to 290 latitude range. In all latitude ranges the NDVI in the immediate vicinity of the GHCN stations was
generally less than the NDVI of the surrounding region.

The percentage of GHCN stations that exhibited a lower NDVI in the vicinity of the station compared to the surrounding
region was examined as an indicator of the proportion of stations that might be considered an urban heat island (Table 2). On a global
basis 64% of the GHCN stations exhibited a lower NDVI at the station location compared to the surrounding region. This proportion
was exhibited in both the May and November NDVI composite intervals.



These preliminary results suggest that an urban heat-island bias is likely present in the observed temperatures of those GHCN
stations examined.

FUTURE PROSPECTS

Digital data from the Operational Linescan System (OLS) of the U.S. Air Force Defense Meteorological Satellite Program
(DMSP) may offer a potential method for assessing urban heat islands in vegetated and non-vegetated environments. The NOAA
National Geophysical Data Center Snow and Ice Data Center is currently archiving the digital OLS data. Data acquired at night in the
visible channel (.5 - .9 µm) channel permits detection of the bright lights associated with urban areas (Elvidge et al., 1996).

Digitally calibrated OLS data acquired over a portion of N. America from 16-23 March 1996 was geometrically registered to
a 1-10 May 1992 NDVI composite from the 1-km AVHRR global land data set produced at the USGS EROS Data Center (Eidenshink
and Faundeen, 1994). The coregistration of the data permits direct comparison of NDVI and DMSP-OLS digital data (Figure 2).

A 150 km transect that intersected the Dallas -Fort Worth (DFW) region was examined. The transect is I km in width and lies
west to east (left to right in figure) through the DFW region. The transect passes through Fort Worth approximately between the 30 to
50 km interval on the transect, and Dallas between the 60 to 100 km interval. The dips in the NDVI data at 86 km and again between
102 and 108 km along the transect are associated with a river and reservoir, respectively. The dip in the OLS data at the 84-94 km
interval on the transect is associated with a city park.



Generally the NDVI values are lower within the portion of the transect (25-100 km) that is indicated as urban with the OLS
data (Figure 2). The urban and rural relationships between the NDVI and DMSP data suggest that the urbanrural differences in DMSP
data may provide an additional tool for the assessment of the urban heat island effect. The DMSP data may be most applicable in
evaluation of urban heat islands in regions that are sparsely vegetated. Additional coincident analysis of AVHRR and DMSP data are
planned.

CONCLUSIONS

The satellite derived NDVI sampled over urban and rural regions provides information related to the difference in observed
urban and rural minimum temperatures. Data from the DMSP satellite appear useful for identifying urban and rural regions and may
have potential for direct evaluation of urban and rural temperature differences. The use of both NDVI and DMSP data may provide a
useful quantitative measure of urban heat islands that would be globally applicable.
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ABSTRACT:

The Landsat Program has collected images of the earth from space since 1972. Those images, as hard copy and digital data,
have been used worldwide for assessment and monitoring of natural resources, land cover and land use mapping, monitoring natural
and anthropogenic disasters, global change research and education. The program has undergone significant changes in goals and
management during its quarter century of operation. The next in the series, Landsat 7, will be built and launched by the National
Aeronautics and Space Administration (NASA) and operated by the National Oceanic and Atmospheric Administration (NOAA) and
the US Geological Survey (USGS).

Landsat 7 will be a significant improvement on its predecessors. It will provide data "continuity" while offering improved
calibration, spectral response and data acquisition rate. Landsat 7 is well on its way toward completion. Launch is scheduled for 1998.
As required by law, the management of the Landsat Program is also evaluating options for acquisition of Landsat type data in the
post-Landsat 7 era. That process will address continuing requirements for Landsat-type data and reflect changing roles of government
and the commercial sector in the acquisition and distribution of earth observation data obtained from space.

While discussion continues on the long term policy for the Landsat Program, NASA has acted to maintain a robust set of
options. The program has been integrated into the Earth Observing System, and space has been reserved for a Landsat-type instrument
on the EOS-AM2 platform. The possibility of meeting public data requirements through data purchases is being explored, and a new
program has been initiated to develop the next generation of instruments for multi-spectral imaging of the land surfaces of the earth.
The next century will likely see many new earth observation instruments in orbit, new mechanisms for distribution of that data to the
user community, and new partnerships between government and industry.

1. INTRODUCTION

Last month marked the 24th anniversary of the current era in earth remote sensing. On July 23, 1972, the first non-military
satellite was launched dedicated to acquisition of data for monitoring and assessment of earth resources. That mission proved to be
successful in ways not anticipated at the time of launch. Few now remember that the primary instrument on that satellite, ERTS-1, was
a device called the Return Beam Vidicom (RBV), an instrument that proved to be not nearly as capable or durable as the secondary,
experimental instrument, the Multispectral Scanner System (MSS). The type of data acquired by MSS, digital, multispectral, moderate
ground resolution, rectifiable, and repetitive, became the cornerstone of earth remote sensing from space. It proved its utility across



the spectrum of applications from science to city planning, and it became the basis for a satellite program called Landsat, a program
that continues today and that has been duplicated by others.

The history of the Landsat Program has been tumultuous, reflecting uncertainty in the political, commercial and scientific
sectors about how to develop and manage a new technology. But the program has been sustained. Data from Landsat 5 continues to be
acquired by a global network of receiving stations. The Land Remote Sensing Policy Act of 1992 (PL102-555) established mandates
and guidelines for the Landsat Program into the next century. Landsat 7 is being built and will be launched two years from now.

If the first satellite in the Landsat series marked the start of a new era, the next in the series may be launched amidst the start
of another. Until now, satellites collecting data about the surface of the earth have been the purview of the civil government sector. In
many instances, government cooperated with the commercial entities to build, launch and operate systems, but those programs, e.g.,
Landsat, SPOT, IRS, would not have started or succeeded without substantial government financial assistance. Consequently, those
programs have been responsive to requirements established by government. Now, the commercial sector believes the market for
satellite based, earth observation data has matured and the cost of building, launching and operating systems has declined sufficiently
that investment in such systems will produce a satisfactory return. Although no fully commercial system has been launched and
operated, as yet, to demonstrate the validity of that premise, the era of commercial earth remote sensing from space may be upon us.
The pull from the commercial sector is being supplemented by a push from government. It is clear that government, especially in the
US, is looking for new ways to meet its data acquisition requirements - new ways of "doing business." The primary motivation for this
interest is to reduce cost. Given the pull from the commercial sector and the push from government, the acquisition and distribution of
earth observation data from space may be very different at the turn of the century from what it is today. As Landsat has been, and
continues to be, a key element in earth observations - indeed, Landsat data (or, more accurately, Thematic Mapper data) is the data
type of choice in its class within the US and internationally, it is an appropriate time to review the status of the Landsat Program and
look at the options under consideration for acquisition of Landsat-type data after Landsat 7.

2. LANDSAT 7

Details of the features of Landsat 7 were described for this symposium in a paper presented the Landsat 7 Project Manager
(Obenschain, 1996). Landsat 7 will offer significant improvements in data quality and data availability over that of its predecessors. In
addition, the proposed flight configuration of Landsat 7 with "formation" with EOS-AM1 offers potential improvements in the
capabilities of both systems through complementarity .

2.1 Enhanced Thematic Mapper Plus

The instrument on Landsat 7, the Enhanced Thematic Mapper Plus (ETM+) is responsive to improvements long requested by
the data user community while maintaining the essential characteristics of thematic mapper type data. (Table 1) The spectral bands
present on the thematic mappers of Landsat 4 and 5 are replicated in the ETM+. Ground resolution remains unchanged, 30 meters,
except for the thermal band in which the resolution is increased from 120 meters to 60 meters. A panchromatic band with 15 meter
resolution has been added for rectification and image sharpening. Of particular interest to the science community, is the addition of the
capability for 5% absolute radiometric calibration - the first time for any instrument of this type. Landsat 7 will be equipped with a
solid state recorder with a capacity for 100 scenes. The downlink data rate has been increased to 150 mbps and will be telemetered to
the ground via three directional antennas.



2.2 Data Acquisition

Improvements in the instrument are matched by improvements in data acquisition and availability. The US will capture 250
scenes per day at the EROS Data Center (EDC) in Sioux Falls (the primary Landsat 7 system receiving station) and a high latitude,
back-up receiving station in Alaska. Included in the total is the acquisition of every sun-lit scene of the US on every pass of the
satellite. Not included in the total are the scenes collected by the network of international ground stations. Those stations will receive
data by direct downlink only, i.e., they will not have access to data on the solid state recorder.

Statistically, 250 scenes is more than the number of generally cloud free scenes one can expect the ETM+ to see in a day.
Consequently, Landsat 7 is capable of capturing and transmitting to the US station(s) all potential "good" scenes the instrument will
see every day.

For the first time in the history of the Landsat Program, systematic collection of a sun-lit, generally cloud free, global land
surface data set is part of the mission statement. These data will be acquired and archived at EDC. Scene acquisition requests
supplementary to the mission requirements will be accepted and filled according to an established, and published, data acquisition
policy. The international ground stations that acquire Landsat 7 data will likely receive every scene captured on each daylight pass of
the satellite through the station’s circle of coverage. As those stations will have in their archives substantially more scenes for the area
within their coverage circles than will be captured by the US station, the international stations will be the primary sources for coverage
outside the United States.

The amount of data collected by the Landsat 7 receiving station will be approximately 4-5 times greater than the amount of
data received at the existing Landsat 5 receiving station in the US.

2.3 Data Processing and Distribution

Archiving, processing, and distributing ETM+ data will also be improved significantly. All data received at the primary
receiving station will be archived as level 0R. Metadata and browse files will be available for electronic user review within 24 hours
of acquisition of the data. Requests for data from the archive will be filled within 24 hours. Scenes will be distributed as either level
OR or level 1G products (systematic correction applied). All users buying data through EDC will pay the cost of fulfilling user
requests (COFUR).



Several of the international ground stations have in place, or are building, on-line archive browsers for the Internet. Steps are
being taken to link those browsers to the EOS on-line directory at EDC to give users, from a single point of entry, ready access to the
catalog information from all stations with Landsat data. Cost for data from the IGS’ will likely vary by station.

2.4 Landsat 7 Program and EOS

One of the outcomes of the re-structuring of the Landsat Program in 1994 was the integration of Landsat with NASA’s Earth
Observing System (EOS) program. The integration of the two programs is proving beneficial to both. At the urging of the Landsat
Project scientist, Dr. Darrel Williams, a memorandum of understanding was signed this year between the Landsat 7 Project and the
EOS AMI Project. The MOU specifies that the two systems will be flown in "loose formation" covering the same ground track 15-60
minutes apart. Significant benefits are expected from this arrangement including:

• enhanced calculation of vegetation properties at high spatial resolution by analysis of data from the Multi-angle
Imaging Spectro Radiometer (MISR), and the Moderate Resolution Imaging Spectroradiometer (MODIS) - both
instruments on AMI - and ETM+ on Landsat 7. (Table 2)

• integration and validation of data products at different ground resolutions

• use of the calibration capability on the ETM+ for radiometric rectification of MODIS data

• temporal interpolation of Landsat data (coverage every 16 days) with MODIS data (coverage every 2-3 days)

• linkage of EOS data to the Landsat archive.

What the capabilities of Landsat 7, the spacecraft, instrument, and ground system, and the affiliation of the Landsat 7 and
EOS AM1 missions amounts to is the expectation that better thematic mapper type data, better in terms of data quality and
applicability, will be available faster and at less cost than at any previous time in the program’s history. To the user community the
potential information content of Landsat 7 data will be superior to that of its predecessors.



2.5 Program Management

As established by PL102-555 in October 1992, and amended by the National Space Technology Council/Presidential
Decision Directive of May 5, 1994, The Landsat Program is managed by NASA, NOAA and the US Geological Survey. NASA is
responsible for building and launching Landsat 7. NOAA will operate and maintain the satellite for the life of the system and manage
ground system operations. The USGS will perform data capture, processing and distribution functions on NOAA’s behalf. and will
store the data as part of the National Satellite Land Remote Sensing Data Archive (NSLRSDA).

The official launch date for Landsat 7 is May 15, 1998.

3. AFTER LANDSAT 7

The path is obscure for Landsat-type remote sensing of the earth after Landsat 7. The ambiguity is caused by several factors
including the requirements of the law, uncertainty about the direction Congress and the administration may choose to follow, the
prospects for success of commercial remote sensing from space, the development of new technology, requirements for data, and the
strength of the national will regarding technological leadership in earth remote sensing. The Landsat Program Management is seeking
a strategy to guide the program through this morass and assure that public requirements for such data are met.

3.1 Legislative Mandate

Any attempt to predict the future of the Landsat Program after Landsat 7 must begin with a review of the pertinent provisions
of the 1992 law. The only change in the program of PL102-555 since the enactment was the re-configuration of Landsat Program
Management from NASA and DoD to NASA, NOAA and USGS. The law authorized the President to amend the management
structure as deemed necessary, and President Clinton instituted the change in 1994 when DoD asked to withdraw from the program.
All other provisions of the law are being implemented.

3.2 Title IV

The provisions in the 1992 law of particular relevance to the post Landsat 7 era are contained in Title IV - "Assessing
Options for Successor Land Remote Sensing Systems" The law calls upon Landsat Program Management to report to Congress by
October 1997 on options for a follow on to Landsat 7. The report is required, to include a "...full assessment of the advantages and
disadvantages of 1) private sector funding and management of a program; 2) creating an international consortium for a follow-on
system, 3) funding and management of the system by the US government, and; 4) build and operate a system through a cooperative
effort between the US government and the private sector. The criteria for evaluating the options are also stated in the law as goals for
the system. The follow-on to Landsat 7 should : 1) serve adequately the civilian, national security, commercial and foreign policy
interests of the United States; 2) maintain data continuity with previous Landsats, and 3) include system enhancements that make the
system cheaper to build and operate and more responsive to user data requirements.

Title IV contains one more section that is worth quoting, because it probably represents the current opinion of Congress on a
Landsat 7 follow-on. Section (c) to Title IV reads, "Preference for Private Sector System - If a successor land remote sensing system
to Landsat 7 can be fimded and managed by the private sector while still achieving the goals [stated above] without jeopardizing the
domestic, national security, and foreign policy interests of the United States, preference should be given to the development of such a
system by the private sector without competition from the United States Government."

3.3 Actions to Date

The law presents a conundrum to Landsat Program Management. Continuity of Landsat-type data is defined as critical,
something worth maintaining. There are few who dispute that point although the definition of data continuity is a subject for
discussion. Landsat 7 has a five year design life but will be capable of six years of operation. Therefore, 2004 is the target date. A new
system must be ready for launch that year. Construction must begin well prior to 2004. NASA is working within its centers and with
the private sector to develop systems that can be designed, built and launched in 2-3 years. But, to date, there is no record of success
for such systems on which to base future planning. It is only prudent to assume a longer lead time than 2-3 years will be required for a
Landsat 7 follow-on.

The Landsat Program must make a recommendation by October of next year on how to maintain data continuity. However, to
assure timely implementation of any option implemented after October, 1997, actions must be taken now. NASA is therefore fulfilling
the mandate of Title IV and, concurrently, following a course of action that will not preclude the option or options selected.



3.3.1 Assessment of Options

To begin addressing the mandate of Title IV, NASA commissioned an assessment of options for Landsat 7 based on the
current state of land remote sensing from space and the stated plans for new commercial and government sponsored systems The
report found that the primary demand for Landsat data was levied by the global change science community. During the Landsat 7 era,
a number of systems will provide data similar to ETM+. These systems may be more than adequate not only for the needs of the
science community but for all users of Landsat data. The report recommended that the US government pursue purchase of data from
the private sector to meet the need for Landsat-type data. If that option was not viable, the purchase of a commercial instrument for
operation by the government combined with a commercially operated ground system and an international consortium to share data
would likely be the most efficient way to proceed. Regardless of the option chosen, the report recommended that NASA return to its
role of advanced technology development and retire from the responsibility of maintaining an operational remote sensing system.

The report was one element of a comprehensive strategy toward fulfilling the requirements of the law. Its recommendations
have neither been adopted nor dismissed. The viability of commercial systems has yet to be demonstrated. A data purchase has
attractive features, but that type of program has no successful precedent at any scale, let alone the quantity of data a Landsat-type data
purchase may entail. A crucial element to regard in any data purchase will be the data policy, i.e., the rules for sale and redistribution
of data after purchase. Who will have access to the data purchased by the government? What will it cost? How can it be used? The
1992 law found that commercialization of Landsat data was a failure because, in part, the cost of the data impeded, rather than
promoted, its use. What are the obligations of the US government to supply "low cost" data, to what elements of the user community,
and at what level of data processing? Should the concept of COFUR, explicit in the Landsat 7 data policy, as required by law, be
extended to the Landsat 7 follow -on? These issues must be addressed by any option selected for a post Landsat 7 system.

Finally, it remains far less than certain that the US government is prepared to retire its capability in Landsat type remote
sensing from space after Landsat 7. TM data is still the data of choice of its type worldwide. The international ground stations now
receiving Landsat 5 data seem eager to receive ETM+. Will the US walk away from this technology after Landsat 7? Is the US
government prepared to rely on US commercial and non-US sources for Landsat-type data? These are crucial, and unresolved,
questions.

Landsat Program Management has taken other actions to maintain flexibility to select an option or options after October
1997.

3.3.2 Landsat in EOS

The Landsat Program has been incorporated into the Earth Observing System. (EOS). Landsat-type data has been identified
by the global change science community as crucial. It fills a resolution gap between the course resolution instruments such as AVHRR
and MODIS and the very high resolution sensors the private sector is planning to operate. A Landsat type sensor was not included
originally on the EOS platforms because it was assumed that such data would be made available through Landsat 6 and 7. However, to
assure availability of Landsat-type data, a slot on the EOS-AM2 platform has been reserved for Landsat-type sensor. AM2 is
scheduled for launch in 2004.

3.3.3 New Millennium Program

The New Millennium Program was initiated this year and described in a paper presented in this symposium by the Landsat
Project Scientist (Williams, 1996). The program is designed to develop and test new technology for incorporation in future NASA
mission instruments The first project approved under the program was Earth Observer -1 an instrument that may serve as the prototype
for the follow-on to Landsat 7 on AM2 or on another platform. EO-1 will test the ability of the community to build, launch and
operate a system in 2-3 years. It will be flown concurrently with Landsat 7 which will allow for comparison of data from the two
systems. It will, in effect, supply the experimental instrument to compare with the operational instrument as was done with TM and
MSS.

4. CONCLUSION

After almost 25 years, the Landsat Program remains as ill-defined and volatile as ever. Landsat 7 will be launched and will
provide a modicum of time to continue discussion on the future of the program. But, many of the features associated with truly
"operational" satellite programs are missing from Landsat. There is no back-up to Landsat 7 (ASTER is the nominal back-up, but
ASTER was not intended or designed to meet a duty cycle similar to ETM+ nor is the ground system designed for, or capable of
processing and distributing ASTER products in quantities approaching that of Landsat 7.) There is no plan in place to continue
Landsat -type remote sensing of the earth after Landsat 7.



The uncertainty is due primarily to the changing nature of the technology to perform, and the market for, earth observations
from space. Between now and the launch of Landsat 7 many of the questions raised in this presentation will have clearer answers.
Those answers are pre-requisite for development of a reasonable, coherent US policy toward acquisition and distribution of Landsat
type data. Until those answers are available, Landsat Program Management is maintaining the viability of options. It is likely that the
US government will not invest another $800 million, the cost of Landsat 7, to build a stand alone Landsat 8.

It may not have to. A better understanding of the data requirements and the demonstrated capabilities of new systems may
lead to the evolution of a program that provides the Landsat data user community with high quality data, in a timely manner and at
reasonable cost. Unless and until instructed otherwise, delivery of that data remains the primary objective of Landsat Program
Management.
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AN ILLUSTRATION OF THE USE OF DECLASSIFIED CORONA,
LANYARD, AND ARGON PHOTOGRAPHY IN ENVIRONMENTAL STUDIES

D. R. Hetrick, D. E. Ehlen, P. M. Seevers
Hughes STX Corporation

Sioux Falls, SD USA

This presentation depicts possible applications of data found in the declassified Corona photography for environmental
studies and explains how to access information about each of the three satellite photography systems.

On February 23, 1995, President Clinton signed Executive order number 12951 which resulted in the declassification of
intelligence satellite photography collected by the Corona, Lanyard, and Argon projects. These projects were approved by President
Eisenhower in 1958 for intelligence gathering. The first successful mission was in August 1960 and the final mission in May 1972.
During this time almost 1 million photographs were collected with ground resolutions from 460 feet to as good as 6 feet. The U.S.
Geological Survey’s EROS Data Center was selected as the distribution site when these photographs were declassified.

The photographs and charts displayed provide an example of the change in demand for ground water for crop irrigation as
indicated by the increased number of center pivot irrigation systems. Increased irrigation as a result of center-pivot system may have
increased demand for water which resulted in the reduction of the groundwater reservoir in some areas. In other areas, the change
from ditch irrigation to sprinkler systems may have decreased demand, resulting in rising water tables.

More than 900,000 frames of black and white reproductions covering most of the world’s land masses are available from the
EROS Data Center. Pertinent information about each of the three satellite photography systems, including product descriptions, codes
and pricing is available on the World Wide Web at URL http://edcwww.cr.usgs.gov/webglis/glisbin/glismain.pl.



SPATIAL UPSCALING OF THE NORMALIZED DIFFERENCE VEGETATION INDEX
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ABSTRACT

The Normalized Difference Vegetation Index (NDVI), defined as the ratio of the difference between the near infrared and red
reflectance to the sum of the two, has been shown to be related to a number of vegetation biophysical parameters. NDVI is widely
used in monitoring vegetation conditions and mapping land cover. The relationships between NDVI and vegetation parameters are,
however, not scale invariant. Measurements of field spectral data are normally conducted on small homogeneous patches. Satellite
data are acquired at resolutions ranging from tens of meters to more than one kilometer. For relationships between NDVI and
vegetation parameters developed from leaves/canopies or homogeneous patches to be applied to coarse resolution satellite
measurements, it is necessary to examine the transferability of such relationships across spatial scales and to determine the influence
of a variety of factors such as sensor characteristics, viewing/illuminating geometries and atmospheric conditions. The results of this
study indicate that the bias introduced by non-linearity of the NDVI in relation to spectral reflectance was, in our Nebraska study
areas, rather small and not likely to affect the accuracy of land cover classification, but was dependent on spatial heterogeneity of the
land surface, fractional vegetation cover, and spectral characteristics of land cover types. Large biases could occur where the
landscape was highly heterogeneous and possessed strong spectral contrast between different landscape components. The NDVI
derived from Advanced Very High Resolution Radiometer (AVHRR) data displayed consistently lower values as compared to the
NDVI upscaled from Thematic Mapper (TM) and SPOT measurements. Nevertheless, the information content, measured by range,
standard deviation, and entropy of the AVHRR NDVI and that of the upscaled TM and SPOT NDVI was similar, suggesting that the
NDVIs are generally comparable. On the other hand, regressions between the two resulted in varied interceptions, slopes, and
R-square values, indicating that direct pixel to pixel comparison is not feasible. The association between the AVHRR NDVI and the
upscaled TM/SPOT NDVI was influenced by the difference in viewing/illuminating geometries.

INTRODUCTION

Healthy green vegetation reflects strongly in the near-infrared (NIR) wavelengths of the electromagnetic spectrum due to
internal mesophyll structure, and low in the red wavelengths because of strong absorption by leaf chlorophyll and other pigment s. This
property of vegetation results in close relationships between plant biophysical variables, such as absorbed photosynthetically active
radiation, and vegetation indices developed from NIR-red spectral reflectance ratios (Gausman, 1974; Sellers 1985, 1989; Tucker and
Sellers, 1986; Sellers et al., 1992). Such relationships allow inference of vegetation condition from spectral radiances measured from
remote sensing platforms. The Normalized Difference Vegetation Index (NDVI), defined as the ratio of the difference between the
NIR and red reflectance to the sum of the two, has been especially widely used for research on the extent and condition of vegetation
and on a variety of plant and environmental variables (e.g., Justice et al., 1985; Gallo and Flesch, 1989; Cihlar et al., 1991). NDVI has
also been used as a primary variable in regional and continental scale land use/land cover mapping and monitoring (Norwine and
Greegor, 1983; Tucker et al., 1985; Townshend et al., 1987; Loveland et al., 1995, 1991).

While the relationships between vegetation indices, including NDVI, and plant biophysical parameters are often
observed/developed from leaf or canopy level measurements/models (e.g., Sellers, 1985; Sellers et al., 1992; Verma et al., 1993), their
applications usually involve the use of data obtained from coarse resolution remote sensors, such as the Advanced Very High
Resolution Radiometer (AVHRR). For the relationships observed at patch levels, usually on the order of meters or tens of meters, to
be applied to coarse resolution satellite data, such as 1.1km- resolution AVHRR imagery, or climatic models having cell sizes of
hundreds of kilometers, they must be scale invariant across spatial resolutions. Because spectral radiance, not NDVI, is measured by a
remote sensor, two transformation processes must be examined when NDVI/biophysical parameter relationships developed at a finer
scale are to be applied at a coarser scale. The first is the scaling of algorithms for estimating biophysical parameter from NDVI, and
the second is the scaling of equations for calculating NDVI from spectral reflectance (Hall et al., 1992; Friedl et al., 1995).

Assuming a plant biophysical variable, Y, is a function, f, of NDVI, and NDVI is a function,g, of red and near-infrared
reflectances, RED and NIR, at a finer resolution:



then following conditions must be satisfied for spectral reflectances measured at a coarser resolution to be used to estimate Y:

where the integration occurs in the field of view of the coarse resolution sensor.

According to the definition of NDVI:

equation (4) is apparently not mathematically valid. The right-hand term, NDVI measured at a coarser resolution, will usually
provide lower values than the middle term, the mean NDVI of finer resolution NDVI (Justice et al., 1989). A number of investigations
have focused on evaluating the degree of NDVI’s non-linearity in relation to spectral reflectance across spatial resolutions (e.g.,
Jasinski, 1990; Hall et al., 1992; Aman et al., 1992; Friedl et al., 1995). Using field- measured data, Hall et al. (1992) and Friedl et al.
(1995) observed that the bias induced by the non-linearity was minor. Aman et al. (1992) found that when Thematic Mapper (TM)
images (resolution= 30m) were upscaled to 1-km resolution the mean root square error introduced by the non-linearity was 0.0036,
which was less than 1 % of the mean NDVI value in their tropical savanna and temperate cropland study areas. They suggest,
however, further validations for other land cover types. In our study, we not only estimated the mean error caused by the non-l inearity
in two contrasting ecological areas, but linked the error to spatial heterogeneity and spectral properties of the landscape. We also
investigated the comparability between the NDVI upscaled from fine resolution sensors, i.e., TM and SPOT, to that obtained directly
from a coarse resolution sensor, i.e., AVHRR. The principal objectives of this study were: 1) to estimate the bias in spatial upscaling
introduced by non-linearity in NDVI in relation to spectral reflectances in two different areas in Nebraska and to evaluate its effect on
land cover classification; 2) to examine the impact of landscape heterogeneity on the degree of NDVI non-linearity across spatial
resolutions; and 3) to investigate the change in information content of NDVI images across spatial resolutions and the comparability
between coarse resolution NDVI derived from SPOT and TM images and NDVI obtained from AVHRR measurements.

DATA AND METHODS

Data used in this study included two SPOT scenes over the Niobrara Valley Preserve and vicinity in north-central Nebraska
obtained on June 7 and August 24, 1994, respectively, and one TM image in eastern Nebraska’s Lincoln-Omaha area acquired on
August 26, 1991. The images were geo-registered to UTM coordinates by USGS/EROS Data Center (EDC). The SPOT images cover
an area of about 4,500 km2, with 20m spatial resolution, and the TM image covers an area of about 10,000km2 with 30m resolution.
AVHRR Maximum Value Composite (MVC) NDVI images covering the two study areas were obtained from CD-ROMs published by
EDC. The composite periods corresponding to the TM and SPOT images were August 16-29, 1991, May 27 - June 9 and August 19 -
September 1, 1994, respectively. The satellite and solar zenith angle images retrieved from the CD-ROMs were also utilized.

Land cover maps of the study areas were developed from classification of the TM and SPOT images. Nineteen land cover
classes (eleven in rural areas and eight in urban areas) were identified in the Lincoln-Omaha study area. In the Niobrara study area, a
twenty-six class land cover map was developed by EDC using the June and August SPOT scenes and two NDVI images calculated
from bands 2 and 3 of the two scenes (Bruce Wylie, 1995, personal communication). The twenty-six classes were grouped into
seventeen more general classes. Calculation of NDVI involved several steps: 1) converting digital numbers (DN) into radiance; 2)
determining at-satellite reflectance from radiance; and 3) computing NDVI from at-satellite reflectance. The near-infrared and red
bands used to calculate NDVI were bands 4 and 3 for the TM image and bands 3 and 2 for the SPOT images.

Coarse resolution NDVI images were constructed at several spatial resolutions: 120, 240, 360, 480, 600, 720, 840, 960, and
1000 meters for both SPOT and TM images. The SPOT series also included 40 and 80 meter resolution data, while the TM series
included 60 and 90 meter resolution data. These datasets included resolutions similar to currently-used and proposed sensor systems
(e.g., AVHRR, MODIS). Two series of coarse resolution NDVI images were developed. The first was mean NDVI (MNDVI), obtained
by averaging the full resolution NDVI images (i.e., the middle term in equation 4). The second was simulated NDVI measured by
directly by sensors at corresponding resolutions (SNDVI). The latter was obtained by averaging the full resolution DN values to coarse
resolutions, converting them into near-infrared and red reflectances, and computing NDVI. Difference NDVI images were calculated
to show the bias introduced because of non-linearity in scaling. For each coarse resolution dataset, landscape heterogeneity images
were constructed and compared to the difference images. Each landscape heterogeneity image was derived by overlaying square
windows, having the dimension of a coarse resolution pixel, onto the full resolution land cover map and recording the number of land
cover types within each window. Thus, the value of each pixel in the landscape heterogeneity images was the number of land cover
types included in the coarse pixel.



Finally, the coarse resolution NDVIs derived from SPOT and TM images were compared, in terms of range of values, mean
and standard deviation, and entropy, to the AVHRR MVC NDVI composite for the period when the SPOT and TM images were
acquired. Correlation and regression analyses were performed between the AVHRR NDVI and that derived from SPOT and TM
images.

RESULTS

The difference between the two upscaled coarse resolution NDVI series was not significant in most areas (less than 0.02
NDVI unit) (fig. 1). In the Lincoln/Omaha area, with TM series images, the mean differences for the entire image at 240, 480, and
1000m levels were 0.007, 0.011, and 0.014, respectively, and the root mean square errors (RMSE) were 0.015, 0.019, and 0.020. The
RMSE were about 2.5 % to 3.3 % of the mean values and 12.6 % to 22.9 % of standard deviations of the coarse NDVI images at the
corresponding resolutions. At 240m resolution, 13.4% pixels showed 0.02-0.05 difference and 1.2% displayed greater than 0.05
difference. These two numbers increased to 24.4% and 1.6% at 480m, and to 35.9% and 2.1% at 1000m (fig. 2). Similar observations
were made in the Niobrara area with SPOT imagery. For the August image, the mean differences for the entire image at 240, 480, and
1000m levels were 0.005, 0.006, and 0.007, and the RMSE were 0.009, 0.009, and 0.010, which were about 2 % of the mean values
and 9.8 % to 12.8% of the standard deviations of the coarse NDVI images at corresponding resolutions. The overall difference
between MNDVI and SNDVI in the Niobrara study area was smaller than that in Lincoln/Omaha area. This was probably due to the lower
NDVI range and less contrast (less variation) in spectral reflectances among different land cover types on the Niobrara site where the
predominant cover types were native grasses. In the Lincoln/Omaha area, where croplands, urban areas, and large bare fields are
intermingled, the contrast in NDVIs among different cover types was much larger.

In the Lincoln/Omaha area, the within-class standard deviation of the 19 land cover types at 1000m resolution ranged from
0.02 to 0. 13, with an average of 0.056. In the Niobrara study area, the within-class standard deviations for the 17 land cover classes
were between 0.01 to 0.08 for both the June and the August scenes at 1000m level, with an average of about 0.030. The mean
differences between SNDVI and MNDVI in both study areas were smaller than the within-class standard deviations of NDVI for all land
cover types at all resolution levels, suggesting that the difference would have little effect on land cover classification using NDVI.

The magnitude of difference in the two coarse NDVI series was similar to, but slightly larger than, that observed by Aman et
al. (1992) in two West African woodland/grassland areas and a European agricultural study site. However, our results indicated that
pixels with different degrees Of SNDVI-MNDVI difference were not evenly distributed throughout the images. The patterns of the
difference were closely related to the spectral reflectances of cover types. In both study areas, coarse resolution pixels along the rivers
displayed the largest difference between SNDVI and MNDVI (fig. 1). This seems to be related to large differences in NDVI values among
the land cover types near the rivers (water, sandbars, riparian forests, shrubs and grasses). Comparison of SNDVI-MNDVI differences
with landscape heterogeneity images showed that the heterogeneity of a coarse resolution pixel, measured by the number of land cover
types contained in the pixel, played an important role in determining the magnitude of the SNDVI-MNDVI difference. As landscape
heterogeneity increased, pixels having large differences ( 0.02) increased significantly (fig. 3). Therefore, although the difference in
the two differently upscaled NDVIs was generally small, it could be significant in certain areas, depending both on the numbers and
on spectral properties of the land cover types included in the coarse resolution pixels under consideration.

Changes in NDVI range, mean, standard deviation and entropy were examined. The mean values of both SNDvj and MNDVI
were invariant to resolution (SNDVI increased less than 0. 6 % for all three images at 1000m level). As expected, standard deviation and
entropy decreased as resolution became more coarse. In the Niobrara area, the standard deviations of the June and August images
decreased 35.15% and 24.22% when resolution changed from 20m to 1km, while the entropy decreased 12.5% and 6.36%,
respectively (fig. 4). The results indicated substantial loss in information content, regarding both the variations of NDVI values and
the distribution of NDVI within its value range. In the Lincoln/Omaha area, the decrease in entropy from 30m to 1km was similar to
that of the June Niobrara image, 12.97%, but the standard deviation decreased more significantly (41.39 %). This was likely due to the
stronger NDVI contrast among different land cover types in the original 30m image as compared with the Niobrara images.



AVHRR MVC NDVI exhibited consistently lower values as compared to the upscaled SPOT and TM NDVI, but the
minimum/maximum, and the mean + STD ranges between the corresponding NDVIs were close and the spatial patterns between the
NDVI images were similar (Table 1 and fig. 5; note that there was only one pixel in the TM image that had a negative NDVI value).
The differences in standard deviations between the corresponding AVHRR/SPOT and AVHRR/TM pairs were 0.0%, 7.7%, and 6.9%,
and those in entropy were 1.4%, 0.7% and 3.1%. These results demonstrate that the upscaled SPOT and TM NDVI information
content is similar to that of the AVHRR MVC NDVI although pixel values are not directly comparable. Pixel to pixel correlation
analyses between the AVHRR NDVI and the upscaled NDVI resulted in r values of 0.44 (SPOT, June), 0.79 (SPOT, August) and 0.81
(TM). Regressions between the two NDVIs exhibited varied interceptions and slopes (fig. 6). The relationship between the AVHRR
and the upscaled NDVI may be affected by a number of factors, including band widths/locations, viewing/illuminating geometry, and
atmospheric conditions. About 70% of the pixels in the June AVHRR MVC NDVI image of the Niobrara site were acquired at
off-nadir viewing zenith angles greater than 44°. By comparison, 85% pixels in the August image were obtained within 20° off-nadir.
In the Lincoln/Omaha area, 88% of the MVC NDVI pixels were within 34° off-nadir view. To evaluate the effects of off-nadir
observation, those pixels corresponding to greater than 20° off-nadir viewing angle were excluded and correlations were performed for
the remaining near-nadir viewed pixels. The resultant r values were 0.53, 0.79, and 0.85, respectively. The most significant increase in
r value occurred for the June SPOT/AVHRR pair, followed by the AVHRR/TM pair. The result was in agreement with the fact that
most of the June AVHRR pixels were acquired at large off-nadir viewing angles and that the majority of the August (Niobrara scene)
AVHRR pixels were observed from near-nadir.

Among all three AVHRR/SPOT and AVHRR/TM pairs, only a small percentage of the June AVHRR pixels were obtained
on the same day as the SPOT image, among which 323 pixels were observed within 20° off-nadir. Correlation between these 323
pixels and their corresponding upscaled SPOT pixels resulted in an r value of 0.55, which was not significantly different from the r
value (r=0.53) obtained without restricting the observation date. The result may indicate that viewing zenith angle is a more important
factor than observation date (within relatively short periods of time, e.g., two weeks) in affecting the comparability between NDVIs
obtained from different sensors. The higher r value obtained from the AVHRR/TM pair (as compared to the AVHRR/SPOT pairs)
might be related to illumination conditions. All the AVHRR MVC NDVI pixels in the Niobrara area were obtained from late
afternoon satellite observations. The solar zenith angles of the scenes ranged from 48° to 73°, while the SPOT images were acquired
when solar zenith angles were less than 34°. In the Lincoln/Omaha area, all MVC NDVI pixels were selected from early afternoon
overpasses. The solar zenith angles ranged from 37° to 46°, with more than 93 % between 39° and 42°, almost the same as that of the
TM image (about 41°). These results indicate the importance of consistency in both solar zenith and viewing zenith angles in NDVI
comparison. However, NDVI is subject to contamination by other factors, especially atmospheric conditions. No atmospheric data
were obtained for use in this research. Thus, more studies are needed to determine the factors influencing the relationships between
NDVI upscaled from high resolution sensors such as SPOT and TM and that derived from coarse resolution sensors such as AVHRR.

SUMMARY AND CONCLUSIONS

Although NDVI is scale variant, the overall difference between NDVI averaged from the high resolution measurements and
that directly calculated from coarse resolution reflectance is small. The magnitude of difference between the two is usually less than
0.02 NDVI units, which is less than 6 % of the range of NDVI under consideration. The difference is smaller than that caused by other
contaminants such as water vapor, usually reducing NDVI by about 0.02 units, and aerosol, reducing NDVI by about 0.06 to 0. 12
units (Holben, 1986). Our results are consistent in both study areas and are in agreement with those obtained by other investigators in



different ecological regions (e.g., Aman et al., 1992). The difference between the two NDVIs will have little effect on the accuracy of
land cover classification because the magnitude of the difference is smaller than the within-class variation of each land cover class
under consideration. However, the difference is dependent on both the characteristics and the number of land cover types within the
upscaled coarse resolution pixels. In heterogeneous areas, differences larger than 0.02 NDVI units are likely to be observed. At 1000m
resolution, where there are almost no "pure" pixels, a significant percentage of pixels in both study areas had differences between
SNDVI and MNDVI larger than 0.02 NDVI units. In areas where the landscape is highly heterogeneous and there is significant contrast in
spectral reflectances among different land cover components, the bias introduced in upscaling due to NDVI’s nonlinearity may exceed
0.05 NDVI units, which is usually about 15 % of the NDVI range in Nebraska’s predominantly cropland and grassland environment.

The information content, measured by the minimum/maximum range, standard deviation, and entropy, of upscaled NDVI
from SPOT and TM images was equivalent to that of the AVHRR MVC NDVI, suggesting that NDVI is generally transferable across
spatial scales and that NDVIs derived from the different sensors will provide similar ability to portray green vegetation patterns if they
are spatially scaled to the same resolution. Pixel to pixel comparison between AVHRR MVC NDVI and spatially upscaled NDVI is,
however, not feasible. In addition to generally lower values of MVC NDVI (shown in the intercepts of the regression lines), the
regression slopes also varied. The correlation between MVC NDVI and NDVI upscaled from fine resolution data was subject to the
influence of viewing and illumination zenith angles. Significant increases in r values (from 0.44 to 0.53) were found when correlation
was performed on near-nadir (<20°) pixels as compared to that on the mostly off-nadir (>44°) pixels. The varied regression slopes and
r values indicated that the relationships between NDVI and biophysical variables observed in SPOT and TM imagery are not directly
transferable to AVHRR data. Additional research is needed to assess the effects of other factors, such as atmospheric conditions, on
NDVI, its spatial upscaling, and its relationship with plant biophysical parameters.
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ABSTRACT

The angular, polarizing, air and water temperatures, wave arid wind features- of sea surface radar cross section -arid
brightness temperature vertically and horizontally polarized components are considered. The results of some theoretical estimations of
correlative relationship between the variances of radar cross section and brightness temperature components absolute values due to
changes of sea surface wave and sea water principal characteristics are presented. Some results of a sea surface background air craft
experimental investigations by X-band combined radar-radiometer system are presented.

Radar-radiometer method and system for near sea surface wind speed and water temperature determination are described,
Radar-radiometer methods of some environmental objects and observed surfaces some anomalous formations detection and
classification are developed. Combined in space and in time, radar-radiometer detector-identifier, that is successfully used for
environmental objects ecological state monitoring and remote control is described.

INTRODUCTION

At present, the principal instruments of remote sensing in radio frequency range are radars and radiometersa. However,
certain relationships between the absolute values and the variances of observed surfaces and objects radar cross sections and
brightness temperatures, originating due to their physical, chemical and biological characteristics natural and artificial changes, show
on necessity of radar cross section and brightness temperature simultaneous measurements carrying out. Such measurements allow to
carry out unambiguous and undoubtedly exact estimations of observed surfaces some physical and chemical parameters, and provide
high level for some inhomogeneities detection 3and classification probabilities, originating due to changes of observed surfaces
principal. parameters. Thus, a necessity of combined in space and in time microwave. active -passive systems development come out
which may provide simultaneous radar-radiometer sensing of the same object of environment. But, the main obstacle for achievement
of this purpose is microwave active and passive systems electromagnetic incompatibility. This problem may be solved by one of
active and passive systems space, frequency or time decoupling methods.

In this paper some theoretical and experimental results of relationships between variances of absolute values of sea surface
radar cross section and brightness temperature due to changes of sea surface wave and wind parameters, sea water and air
temperatures, are presented. X-band radar-radiometer system for near sea surface wind speed and sea water temperature
determination, as well as detector-identifier for observed surfaces anomalous formations detection and classification, developed at the
Institute of Radiophysics and Electronics of Armenian National Academy of Sciences, are described.

SOME THEORETICAL ESTIMATIONS

The results of some theoretical estimations carried out in accordance with [1-4] are shown. that there are certain correlative
features between the variances of sea surface radar cross section ∆σii (θ) and brightness temperature ∆TBi (θ) cross polarized
components, connected with the changes of near sea surface wind speed and direction, sea surface ripples height. ∆σ2

h and long wave
slope m2 variances, etc. But, the results of carried out theoretical estimations in accordance with a wind wave spectrum model
represented in [4] are shown that a sea surface radar cross section and brightness temperature dependence on water tw and on air ta and
water temperatures difference ∆T = ta - tw may successfully change their correlative relationships. In Fig. 1 the curves of a sea surface
increments ∆σii (∆σh

 2) angular dependence, at different values of difference ∆T due to changes ∆σ2
h, during a wind gust from 6.3m/s

to 15.4m/s at constant values of m2 are Shown. In Fig.1 the curves of angular dependencies of sea surface radar cross section
increments ∆σii (∆m2) at the same conditions, due to the change m2 are shown too. These changes correspond to a breach of condition
of fully developed wind generated waves at wind speed v~6.3m/s , due to a coming out supplementary ripples (long waves), carrying
out to the increasing of m2 from m2

6.3 to m2
15.4 corresponding to the long waves slope variance at v = 6.3m/s and v = 15.4m/s

respectively. The results of Fig.1 are correct for both vertical and horizontal polarizations of radiation.



The curves of angular dependencies of sea surface brightness temperature vertically and horizontally polarized components
∆TBi (∆σ2

h) where I = v; h, at a wind gust from 6.3m/s to 15.4m/s for various tw at ta = 11°C are shown in Fig.2. In the same place the
curves of angular dependencies of ∆σBi (∆m2) due to the changes of long waves parameters only, at increasing m2 from m2

6.3 to m2
15.4

are presented. The results of Fig.1 and Fig.2 allow to research the changes of relationships of the signals reflected and radiated from a
sea surface originated due to the changes of water and air temperatures and wind wave various parameters,

THE RESULTS OF SOME EXPERIMENTS

Experimental investigations of a sea surface radar and radiothermal images were carried out by X-band combined
radar-radiometer system (RRS) on the area-S of Black and Barents seas and Pacific Ocean. In Fig.3 a block diagram of RRS is shown.
This scheme allows, to use some microwave units for both radar and radiothermal signals reception. In this RRS radar and radiometer
signals time decopling method is used. At the while of radar channel operation, modulator passes all signals without considerable
atnuations, as a free line. Directional coupler closes the entrance of radiometer channel and provides a necessary decoupling between
radar and radiometer channels. At the while of radiometer channel operation, transmitter is turned off. The principal parameters of
RRS are shown below:

Antenna 3dB beamwidth 4°

Polarization vv, hh,
Radar
Pulse width 4mks
Pulse signal bandwidth 1MHZ
Pulse repetition frequency 1KHz
Pulse power 1-10W
Receiver bandwidth 10%
Radar receiver sensitivity
Threshold -144dB/W
Background -127dP,/W
Radiometer receiver
sensitivity at τ-18s < 0.15K

In Fig.4 and Fig.5 the results of comparison of sea surface radar and radiothermal signals increments, simultaneously
registered by radar and radiometer channels, at wind speed. V~6m/s and wind force 3, and at a calm weather, when wind speed has



changed from 2m/s to 20m/s due to the gusts, respectively. As shown in Fig.4 the experimental results are evently distributed on
(∆σvv; ∆TBv) plane, with the center (0;0).The results of Fig.4 and Fig.5 satisfactory agree with the results of Fig.1 and Fig.2.

RADAR-RADIOMETER DETECTOR IDENTIFIER

A block diagram of combined radar-radiometer detector-identifier is shown in Fig.6. Decision rules of this detector are:

where ξi; ηi are the realizations of the radar and radiometer input signals, and  the required levels
of detection and classification probabilities are provided. Theoretical estimations are shown that probability characterisics of this
detector are higher than the same characteristics of separate radar or radiometer detectors. Therefore, combined radar-radiometer
detector-identifiers may be successfully used for some environmental objects ecological state remote control, such as forests, internal
reservoirs, irrigation channels, etc.





CONCLUSION

Thus, the results of carried out theoretical and experimental investigations of sea surface radar cross section and brightness
temperature increments relationship are shown, that simultaneously measured values of sea surface radar cross section and brightness
temperature vertically and horizontally polarized components may successfully used for estimation of near sea surface wind speed and
water temperature, and for classification of observed surfaces anomalous formations. Combined in space and in time microwave
radar-radiometer system are developed, that allows to carry out simultaneous radar-radiometer sensing of environment, to determine
the observed surfaces principal characteristics, to detect and classify all anomalous formations originated on observed surfaces, and to
control of some environmental objects ecological states.
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Myrdalsjokull is an ice cap located on the active volcano Katla in southern Iceland. Katla last experienced a major eruption in
1918, when a thick blanket of basaltic tephra was deposited over the ice cap and a catastrophic jokulhlaup was released across
Myrdalssandur. The 1918 tephra serves as a marker bed for tracking movements of selected outlet glaciers; however, air-photos and
ground observations are restricted in coverage, and so are insufficient for monitoring all portions of the ice cap. Landsat multispectral.
scanner (MSS) digital datasets were utilized as primary sources of information covering the whole of Myrdalsjokull.

The most effective display for Landsat imagery proved to be a histogram stretch of bands 1 (0.5-0.6 µm), 3 (0.7-0.8 gm), and
4 (0.8-1.1 µm) respectively color coded as blue, green and red. Unsupervised classification and data merging were used to create
images that depict glacier change during the 197386 period. These procedures proved successful for documenting movement of the
1918 tephra bed within the ablation zone of Kotlujokull, a large outlet glacier. The tephra bed migrated about 800-1200 m
downglacier (60-90 m/yr). Our analysis shows that dynamics of outlet glaciers are related both to climatic change and to subtle
subglacial volcanic activity.

INTRODUCTION

Glaciers and ice caps occupy about 10% of the Earth’s present continental regions. Glaciers interact with the global
atmosphere, hydrosphere and lithosphere on time spans ranging from hours to millenia. Small glaciers and ice caps are sensitive
indicators of climatic conditions as well as geological circumstances. Contrary to the general expectation of climatic warming and
shrinking glaciers, Icelandic ice caps and outlet glaciers have been stable or expanding during the past quarter century. Many of these
ice caps are situated on active volcanoes. Because of frequent eruptions, tephra beds (volcanic deposits) are common within Icelandic
ice caps, and volcanic heating affects glacier dynamics and subglacial melt-water production.

Myrdalsjokull is a small ice cap (app. 600 km2) located on the active volcano Katla in southern Iceland (Fig. 1). Katla last
experienced a major eruption in 1918, when a thick blanket of basaltic tephra was deposited over the ice cap and a catastrophic
jokulhlaup (melt-water flood) was released across Myrdalssandur. The 1918 tephra and older ash beds are now emerging in the
ablation zones of several outlet glaciers. These tephras serve as marker beds for tracking movements of selected outlet glaciers;
however, air-photos and ground observations are insufficient for monitoring all portions of the ice cap.

Our study focuses on two major outlet glaciers (Fig. 1): Slettjokull and Kotlujokull. S1ettjokull has a broad, gently sloping
ice margin that is relatively stable. The ice margin is fairly clean, although two thin tephra beds are exposed on the glacier surface a
few 100 m above the terminus (Kruger 1994). The ages of these tephras are unknown, but they probably predate the 1918 eruption.
Because of the snow-free glacier surface in 1995, a third tephra bed could be seen about 11/2-2 km upglacier from the ice margin; this
tephra may represent the 1918 eruption.

Kotlujokull, on the other hand, possesses a steep, sediment-covered ice margin that has advanced and retreated several times
in this century. Fluctuations for different parts of its margin are often variable in rate and direction. The upper limit of
sediment-covered ice is sharply defined by position of the 1918 tephra bed (Kruger 1994).



LANDSAT IMAGERY

Landsat imagery has been utilized for various investigations of glacier dynamics in many parts of the world (Williams 1986).
These studies have documented glacier mass balances, ice margin positions, grounding lines, blue-ice zones, ice streams, glacier
surges, and glacier velocities. Representative early investigations include Alaska (Meier 1976), British Columbia (Post et al. 1976),
and Iceland (Williams 1976). Many studies have been conducted for Antarctica (Lucchitta and Ferguson 1986; Scambos et al. 1992;
Ferrigno et al. 1993; Lucchitta et al. 1993). Determination of glacier velocity depends upon identification of distinctive surface
features, such as crevasses or moraines, and measuring their shifts in absolute positions over a period of years.

Landsat multispectral scanner (MSS) digital datasets were utilized as primary sources of information covering the whole of
Myrdalsjokull and its outlet glaciers. Six Landsat datasets were acquired from the EROS Data Center. From these, three datasets were
selected for detailed processing and analysis. These date from late summers (September) of 1973, 1984 and 1986. Additional forms of
data include air photos, a digital elevation model (DEM), and a vector GIS database prepared from 1:50,000 scale topographic maps.
Landsat datasets were resampled into 100x100 m cells, and all datasets were georeferenced in UTM grid zone 27. Image processing
and GIS analysis were carried out with IDRISI software.

The most effective visual display for Landsat imagery proved to be a histogram stretch of bands 1 (0.5-0.6 µm), 3 (0.7-0.8
µm), and 4 (0.81.1 µm) respectively color coded as blue, green and red. This composite takes advantage of the spectral signatures of
snow, firn and glacier ice (Hall and Martinec 1985), and the histo stretch overcomes the high contrast normally present in glacier
scenes. Unsupervised classification and data merging were used to create images that depict glacier change during the 1973-86 period.
These procedures proved successful for documenting changes in glacier mass balance, differences in marginal sediment cover, and
movement of the 1918 tephra bed within the ablation zone of Kotlujokull.



CHANGE ANALYSIS

In 1973, Myrdalsjokull experienced extensive summer melting, and the neve (accumulation region of snow and firn) was
restricted to high central portions at the end of summer (Fig. 2). The ice margin was washed clean of most sediment, so bare glacier
ice was clearly exposed over substantial parts of the ablation zone. In contrast, 1986 was a year of little summer melting. The neve
extended to low elevations near the edge of the ice cap, and much sediment was present within the ablation zone. These differences
illustrate important climatic changes during the 1980s, which had generally cooler mean summer temperatures than for previous
decades (Kruger 1995). During this time, outlet glaciers of Myrdalsjokull were generally stable or advancing.



Areas of change on the ice cap are highlighted in black and gray on the change image (Fig. 3). Black shows marginal glacier
ice that was washed clean in 1973, but had sediment cover in 1986. The gray zone for Slettjokull depicts a broad region that was
exposed glacier ice in 1973, but which had snow/firn cover in 1986. The gray zone for Kotlujokull clearly indicates movement of the
1918 tephra bed in the lower portion of the outlet glacier. The bed migrated about 800-1200 m downglacier during the period 1973 to
1986 (60 to 90 m/yr). This compares to 80 m/yr average velocity determined by Kruger (1994) from air photos for the period 1960 to
1980. The northern portion of Kotlujokull appears to have moved farther than the southern portion. The dynamic behavior of this
glacier is thought to reflect variations in volcanic heating and melt-water production in the caldera.

CONCLUSIONS

Our analysis shows that dynamics of outlet glaciers are related both to climatic change and to subtle subglacial volcanic
activity. Expansion of the neve during the 1980s corresponds with stable or advancing ice margins. Ice flow within Kotlujokull has
averaged 1 km during the period 1973-86, a result that compares favorably with measurements from air photos. This research
demonstrates that archive Landsat MSS datasets have great potential for global-change analysis in sensitive glaciated environments.
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ABSTRACT

The U.S. Geological Survey’s (USGS) EROS Data Center (EDC) has managed the Landsat Multispectral Scanner (MSS) data
archive for more than two decades. This archive provides a rich collection of information about the Earth’s land surface. Major
characteristics of changes to the Earth’s surface can be detected, measured, and analyzed using Landsat data. The effects of
desertification, deforestation, pollution, volcanic activity, and other natural and anthropogenic events can be examined using data
acquired from the Landsat series of Earth-observing satellites. Information obtainable from the historical Landsat data plays a key role
in studying surface changes over time.

The EDC staff have developed a single compact disc-read only memory (CD-ROM) to make metadata for more than 600,000
MSS scenes available to the user. The MSS CD-ROM contains background and historical Landsat program information, 22 annual
MSS graphic data coverage plots, or MSS technical summary, a search and retrieval MSS database, conversion latitude/longitude to
path/row utility, ordering instructions, and contact addresses for the non-USA-held Landsat MSS data. This new tool allows users to
identify the volume and coverage availability over specific land areas worldwide, and improves the historical MSS data accessibility
by not requiring modem or network connectivity. The stages of the CD-ROM development involved data extraction; data reformatting
and conversion; data translation and indexing; interactive testing; and search and retrieval development.

BACKGROUND AND HISTORY OF THE LANDSAT PROGRAM

The U.S. Geological Survey’s (USGS) EROS Data Center (EDC) has managed the Landsat data archive for more than two
decades. The effects of desertification, deforestation, pollution, volcanic activity, and other natural and anthropogenic events can be
examined using data acquired from the Landsat series of Earth-observing satellites. Information from the historical and current
Landsat data plays a key role in studying surface changes through time.

This document, an overview of the Landsat program, describes how the data can be used to monitor changes occurring on the
surface of the Earth. Landsat multispectral scanner (MSS) data are a historical record of the Earth’s land surface from the early 1970’s
to the early 1990’s. Landsat thematic mapper (TM) data provide land surface information from the early 1980’s to the present.

The idea of a civilian Earth resources satellite was conceived in the U.S. Department of the Interior in the mid-1960’s. The
National Aeronautics and Space Administration (NASA) embarked on an initiative to develop and launch the first Earth-monitoring
satellite. The USGS entered into a partnership with NASA in the early 1970’s to assume responsibility for managing the archive and
distributing Landsat data products. On July 23, 1972, NASA launched the first in a series of satellites designed for repetitive global
coverage of the Earth’s land masses. Initially designated the Earth Resources Technology Satellite-A (ERTS-A), it used a Nimbus-type
platform that was modified to carry sensor systems and data relay equipment. When operational orbit was achieved, it was designated
ERTS-1.

The satellite continued to function beyond its designed life expectancy of 1 year and finally ceased to operate on January 6,
1978, more than 5 years after its launch date. The second in the series of Earth resources satellites (designated ERTS-B) was launched
January 22, 1975. It was renamed Landsat 2 by NASA, which also changed the name of ERTS-1 to Landsat 1. Landsats 3, 4, and 5,
respectively, were launched in 1978, 1982, and 1984. The successive satellite systems carried improved sensor and communications
capabilities.

NASA was responsible for operating the Landsats through the early 1980’s. In January 1983, operations were transferred to
the National Oceanic and Atmospheric Administration (NOAA). In October 1985, the Landsat system was commercialized.
Throughout these changes, the USGS EROS Data Center (EDC) retained primary responsibility as the U.S. Government archive of
Landsat data. The Land Remote Sensing Policy Act of 1992 (U.S. Public Law 102-555) officially authorized the National Satellite
Land Remote Sensing Data Archive and assigned responsibility to the U.S. Department of the Interior, which delegates it to the
U.S.G.S. and EDC. The EDC staff also investigate new methods of characterizing and studying changes on the land surface with
Landsat data.
                                                          

* Hughes STX work performed under U.S. Geological Survey contract 1434-92-C-40004.



MULTISPECTRAL SCANNER TECHNICAL SUMMARY

Characteristics of the Landsat System

Landsats 1 through 3 operated in a near-polar orbit at an altitude of 920 km (575 miles) with an 18-day repeat coverage cycle.
These satellites circled the Earth every 103 minutes, completing 14 orbits a day. Eighteen days and 251 overlapping orbits were
required for nearly complete coverage of the Earth’s surface with image swaths 185 km (115 miles) wide. The amount of swath
overlap and sidelap varied from 14 percent at the Equator to a maximum of approximately 85 percent at 81° north or south latitude.
These satellites carried two sensors: a return beam vidicon (RBV) and a scientific MSS. The RBV sensor, essentially a television
camera, did not achieve the [science] utility of the MSS sensor and failed shortly after launch. The MSS sensor scanned the Earth’s
surface from west to east as the satellite moved in its descending (north-to-south) orbit over the sunlit side of the Earth. Six detectors
for each spectral band provided six scan lines on each active scan. The combination of scanning geometry, satellite orbit, and Earth
rotation produced the global data necessary for studying land surface change. The resolution of the MSS sensor was approximately 80
meter (250 feet) with radiometric coverage in four spectral bands from the visible green to the near-infrared (IR) wavelengths. Only
the MSS sensor on Landsat 3 had a fifth band in the thermal-IR.

Landsats 4 and 5 carry both the MSS and TM sensors. However, routine collection of MSS data by the United States was
terminated in October 1992 because of an irrecoverable failure in the ground processing system. The satellites orbit at an altitude of
705 kin (425 miles) and provide a 16-day, 233-orbit cycle with a swath overlap that varies from 7 percent at the Equator to nearly 84
percent at 81° north or south latitude. These satellites were also designed and operated to collect data over a 185 km (115 mile) swath.
The MSS sensors aboard Landsats 4 and 5 are identical to those carried on Landsats 1-3, detecting primarily reflected radiation in the
visible and IR wavelengths.

All of the Landsats have been in Sun-synchronous orbits with equatorial crossing times ranging from 8:30 a.m. for Landsat 1
to 9:45 a.m. for Landsat 5.

Extent of Coverage

The Landsat system collects land-surface data between latitude 81° north and 81° south.

Acquisition

MSS data were received directly from Landsats 4 and 5 by a network of 16 worldwide ground stations. Also, data were
transmitted by means of a Tracking and Data Relay Satellite (TDRS) to its ground terminal at White Sands, NM, and relayed by a
domestic communications satellite (DOMSAT) to the data processing facility. The MSS digital data were radiometrically corrected
and then relayed by DOMSAT to the EDC for storage, reproduction into digital and film formats, and distribution.

The TDRS System (TDRSS) satellites are in geosynchronous orbits. This configuration gradually acquired MSS data for
nearly all of the Earth’s surface, except for an area between 50° north and 67° east by 50° degrees south and 82° east That area is
covered in part by data recorders at the Thailand and India ground stations.

Processing Steps

Radiometrically corrected MSS data (i.e. spacecraft and sensor systematic parameters) were transmitted from the data
processing facility to the EDC by DOMSAT. At the EDC, the data were recorded on high-density tape (HDT), using 14-track digital
recorders, and archived. Based on user requests, the data are processed by reading the HDT’s, applying geometric corrections, and
enhancing the images with the final product recorded on high-resolution film or computer media.

Data Characteristics

The characteristics of the MSS and TM bands were selected to maximize their capabilities for monitoring different Earth
resources. For example, MSS band I (formerly band 4 on Landsats 1-3) can be used to detect green reflectance from healthy
vegetation, and MSS band 2 (formerly band 5 on Landsats 1-3) is designed for detecting chlorophyll absorption in vegetation. MSS
bands 3 and 4 (formerly bands 6 and 7 on Landsats 1-3) are ideal for recording near-IR reflectance peaks in healthy green vegetation
and for detecting water-land boundaries.

MSS bands 4, 2, and 1 can be combined to make false-color composite images, where band 4 controls the amount of red,
band 2 the amount of green, and band 1 the amount of blue in the electromagnetic spectrum. This combination makes vegetation



appear as shades of red, with brighter reds indicating more vigorously growing vegetation. Soils with no or sparse vegetation range
from white (sands) to greens or browns, depending on moisture and organic content. Water bodies will appear blue. Deep, clear water
appears dark blue to black, while sediment-laden or shallow waters appear lighter. Urban areas appear blue-gray. Clouds and snow are
bright white, usually distinguishable from each other by cloud shadows.

Spatial Resolution

Landsats 4 and 5 MSS scenes have an instantaneous field of view (IFOV) of 68 meters in the cross-track direction by 83
meters in the along-track direction (223.0-by-272.3 feet, respectively). To understand IFOV, consider a ground scene composed of a
single 83-by-83 meter area. Cross-track image scan velocity is nominally 6.82 meters per microsecond. After 9.958 microseconds, the
90-by-80 meter image has moved 67.9 meters. The sample taken at this instant represents 15 meters of previous information and 68
meters of new information.

Therefore, the effective IFOV of the MSS detector in the cross-track direction must be considered to be 68 meters,
corresponding to a nominal ground area of 68-by-83 meters at the satellite nadir point. Using the effective IFOV in area calculation
eliminates the overlap between adjacent pixels.

Landsats I through 3 provided Earth coverage similar to that of Landsats 4 and 5. The higher altitude of Landsats I through 3
however, resulted in a different swathing pattern, with the IFOV being 56 meters in the cross-track direction by 79 meters in the
along-track direction (183.7-by-259.2 feet, respectively). The resolution for the MSS sensor is shown below:

Temporal Coverage

Background information and status of Landsat satellites.

Spectral Range

The MSS sensors were line-scanning devices observing the Earth perpendicular to the orbital track. The cross-track scanning
was accomplished by an oscillating mirror; six lines were scanned simultaneously in each of the four spectral bands for each mirror



sweep. The forward motion of the satellite provided the along-track scan-line progression. All five Landsats have carried the MSS
sensor, which responds to Earth-reflected sunlight in four spectral bands. Landsat 3 carried an MSS sensor, with an additional band 8,
that responded to thermal (heat) infrared radiation. The radiometric range of bands for the MSS sensor is shown below:

Data Organization

Two types of image data are offered by the EDC: fully processed data with both geometric and radiometric corrections and
partially processed data with radiometric corrections only.

Processing Codes

Fully Processed:
MSS = Computer-compatible tape-P

Processed Partially:
MSS = Computer-compatible tape-A

Both processing levels offer either a band-interleaved-by-line or a band-sequential image data format.

Unlike previous Landsat computer-compatible tape formats (Landsats 1 through 3), current digital tapes include a
comprehensive field location and data description information superstructure. This superstructure consists of:

- a volume directory file that generally describes the data configuration and includes pointers to each data file.

- a file descriptor record for each data file that describes the data structure within the file and includes pointers to certain
fields within the file.

The entire superstructure is composed of four records. Three records (volume descriptor, text, and file pointer) reside in a
volume directory file. The fourth record carried first in each data file, is the file descriptor record. The four superstructure records are
similar to one another in content as well as in format. The purpose of these records is to identify, describe, and locate data in the data
files. Thus, superstructure records primarily supply information about the data on the digital tapes rather than carry data themselves.

Line-Start Anomaly

Beginning in the spring of 1979, Landsat 3 MSS sensor had a problem with synchronization of scan lines. NASA performed
a series of tests from April 8-24, 1979, in an attempt to correct the situation. By fall the problem was occurring with increasing
frequency. After that, line-start anomalies affected 20 to 40 percent of all Landsat 3 MSS images.

The MSS sensor was equipped with a hardware feature that generates a line-start pulse to activate the MSS detectors at the
beginning of each mirror sweep. The problem occurred when this start pulse was either absent or of an abnormally low amplitude.
Because the detectors were not activated at the appropriate time, no data were acquired during the initial part of the scan. A second
pulse did activate the detectors when the mirror was about 30 percent of the way across a scan, but the early (western) part of the
intended scan area was lost by that time.

Because there are six detectors per band, multiples of the six scan lines were involved. The number of scan lines affected in a
given frame was random and depended on how many line-start pulses were missed. As many as 40 percent of the scenes were
affected, and the number of affected scans varied from 10 to 90 percent of the scans in the image.

Before this problem, all scan lines were left justified during routine processing at NASA; that is, they were aligned at the left
side of the image. For every line-start pulse missed, a set of six scan lines was thus aligned with those that had normal start pulses.
This caused that set of scan lines to shift on the ground about 48 km (29.8 miles) to the left.



After the first appearance of the line-start anomaly, NASA contracted to have the ground hardware modified to alleviate this
problem. Basically, the hardware properly aligns the good part of the affected scan lines with the other scan lines so that the ground
features line up correctly. Unfortunately, the 30 percent of the data that were missed in each scan line are lost; missing areas are
represented in the image as blanks. The corrected images are technically more than 70 percent usable, meaning that much of the image
area is unaffected, but their appearance is hardly aesthetic. All quality code references to line-start anomaly scenes refer only to the
unaffected areas.

Applications and Related Data Sets

Landsat data have been used by governmental, commercial, industrial, and educational communities worldwide. They are
used to support global change research, agriculture, forestry, geology, resource management, geography, mapping, water quality and
oceanography. The images can be used to map changes on the Earth over periods of several months to more than 15 years, depending
on available coverage. Changes that can be identified include agricultural development, deforestation, natural disasters, urbanization,
and the development and degradation of water resources.

WORLDWIDE REFERENCE SYSTEM (WRS)

The worldwide reference system (WRS) is a global notation system for Landsat data. It enables a user to inquire about
satellite images over any part of the world by specifying a nominal scene center designated by path and row numbers.

The Landsats 1-3 WRS- 1 notation system assigns sequential path numbers from east to west to 251 nominal satellite orbital
tracks, starting with number 001 for the first track, which crosses the equator at longitude 65.48° west. A specific orbital track can
vary because of drift and other factors; thus, a path line is only approximate.

Row refers to the latitudinal center line of an image frame. As the satellite moves along its path, the observatory instruments
continuously scan the terrain below. The instrument signals are transmitted to Earth and correlated with telemetry and ephemeris data
to form individually framed images. During this process, the continuous data are segmented into individual frames of data, or
"scenes." Landsats 1-3 scene centers are chosen at approximately 25-second increments of spacecraft time in either direction from the
Equator, with each scene representing about 163 km (101 miles) on the Earth’s surface plus about 10 percent in-track overlap (5
percent for Landsat 3) added by the ground processor. A total of 119 Landsats 1-3 daylight scenes are possible along one descending
satellite path. A complete orbit of 6,196 seconds, when divided by 25 seconds, yields 247.84 intervals; 248 scenes per complete orbit
(descending and ascending) were selected as the standard.

The framing is uniform for each orbit. The adjacent east-west scenes have scene center locations at the same nominal latitude.
A notation of row numbers can, therefore, be applied to identify all scenes occurring at the same latitude. Row 060 corresponds to
latitude 0 (the Equator). Row 059 is immediately north of this, and the progression continues to latitude 80°, 1 minute and 12 seconds
north, which is Row 001. Row 119 is at latitude 80°, 1 minute and 12 seconds south. The combination of a path number and a row
number uniquely identifies a nominal scene center. The path number is always given first. The notation 127-043, for example, relates
to path 127 and row number 043.

The parameters of Landsats 1-3 orbits are given below along with their ground tracks for two typical consecutive daily orbits.
Landsats 1-3 orbital parameters cause each consecutive daily track to be shifted west 25.8° of longitude at the Equator, corresponding
to 2,872 km (1,784 miles). Each succeeding day of Landsat 1-3 coverage overlapped the coverage of the preceding day. These 18 days
of continuous tracks constitute one complete coverage cycle, of 251 orbits, taking exactly 18 days and providing complete global
coverage between latitude 82° north and 82° south The consecutive day sidelap resulted in a minimum of 14 percent at the Equator to
nearly 85 percent at extreme latitudes (see table below). A combination of data processing and orbital adjustment keeps the error in the
individual framed image centers of any geographical area on the Earth within 37 km (23 miles) in the across-track direction and 30 krn
(19 miles) in the along-track direction.



Landsats 4 and 5 provide Earth coverage similar to that of Landsats 1-3. The lower altitude though, results in a different
swathing pattern. The satellite operates in a repetitive, circular, Sun-synchronous, near-polar orbit at a nominal altitude of 705.3 km
(438.4 miles) measured at the Equator. The descending orbital node time is 9:45 AM +1-15 minutes at the equator with an orbital
period of 98.9 minutes, completing 14 9/16 orbits per day and viewing the entire Earth every 16 days.

The parameters of Landsats 4 and 5 orbits are given in the table below. Each consecutive daily track is spaced 2,752 km
(1,709 miles or 24.7°) west of the previous orbit at the Equator. Each succeeding day’s track is shifted at the Equator to the west 10. 8°
of longitude corresponding to 1,204 km (748 miles).

Coverage sidelap of adjacent orbits for the Landsats 4 and 5 MSS sensors are a minimum of 7.3 percent at the Equator to
nearly 84 percent at extreme latitudes (see table below). Successive orbits and framing operations are controlled to ensure no more
than 18 km (11 miles) variation in the across-track direction.



The Landsat 4 and 5 WRS is an extension of the global Landsats I through 3 WRS-1 and uses an orderly path and row system
in a similar fashion. There are, however, major differences in repeat cycles, coverage, swathing patterns, and path and row designators
because of the large orbital differences of Landsats 4 and 5 in contrast to Landsats 1 through 3.

The 16-day ground coverage cycle for Landsats 4 and 5 was accomplished in 233 orbits. Thus, for Landsats 4 and 5, the
WRS-2 system is made up of 233 paths numbered 001 to 233, east to west, with path 001 crossing the Equator at longitude 64.60°
west.

Landsats 4 and 5 scenes are chosen at 23.92-second increments of spacecrafttime in both directions calculated from the
Equator to create 248 row intervals per complete orbit. Note that this is the same as the Landsats 1 through 3 WRS-1 system. The rows
have been positioned in such a way that row 60 coincides with the Equator during the descending node on the dayside part of the orbit
and row 184 during the ascending node. Row one of each path starts at latitude of 80°, 47’ north, and the numbering increases
southward to a maximum latitude of 81°, 51’ south (row 122) and then turns northward, crosses the Equator (row 184), and continues
to a maximum latitude of 81°, 51’ north (row 246). Row 248 is located at latitude of 81°, 22’ north, where another path begins.
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HOW TO ORDER MULTISPECTRAL SCANNER DATA

Landsat MSS products available from the USGS EDC consist of black-and-white film products (positive and negative
polarities) and computer media. To place orders and to obtain additional information regarding technical details, ancillary products,
and pricing schedules, contact:

Customer Services Tel: 605-594-6151
U.S. Geological Survey Fax: 605-594-6589
EROS Data Center
Sioux Falls, SD 57198 USA
Internet: custserv@edcserver1.cr.usgs.gov
URL=
http://edcwww.cr.usgs.gov/eros-home.htmI

ADDRESSES FOR NON-USA HELD LANDSAT DATA

An address list of NON-USA HELD LANDSAT DATA is obtainable from the Customer Services or found on the MSS
CD-ROM.



Neural Network Technique For Merging Radar And Visible Band Images
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ABSTRACT 

Merging images from multiple sensor systems produces a composite image that may provide more information than either
image alone. Spatial features of SPOT panchromatic and interfero-metric synthetic aperture radar (IFSAR) images were merged to
produce an improved IFSAR composite. Existing multiresolution analysis techniques were used to extract spatial edge features from
the image pair. A neural network, trained to implement a logical OR-like function, was used to combine these features. The
composite, or merged, image was reconstructed from the neural network combined edge features. These results were compared with
those from an existing multi-resolution merging technique that combines edge information by using a maximum amplitude criterion.
Simple visual comparisons of the reconstructed, merged IFSAR images from these two techniques showed many similarities;
however, the neural network merging produced improved, noise-free edge boundaries. Also, there were promising results for IFSAR
speckle-noise reduction, based on an existing soft-threshold technique.

                                                          
  Any use of trade, product, or firm names is for descriptive purposes only and does not imply endorsement by the U.S.

Government.
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ABSTRACT

Study on the possibility of precipitation enhancement in the and land aims at solving the problem of water supply for desert
forestation. A three-dimensional spectral model for meso-scale phenomena is used to simulate this process for limited-area weather
modification. Feature of this spectral model is to predict meso-scale phenomena in the area which is strongly controlled by the Earth’s
surface conditions. This study is trying to simulate limited-area weather modification with changes of surface condition such as
surface wetness, roughness and albedo by means of changing naked soil to forest, shallow water body. Some comparing simulations
for different surface conditions were done with given atmospheric initial conditions and boundary conditions in the selected region.
Results of the simulation show that significant effects(such as more precipitation, more moist air) will occur under favorable
atmospheric condition.

1. INTRODUCTION

In recent years, the fact that human activities have caused the changes in the weather and climate over widespread regions by
altering the surface of the earth has been well known, especially for the desertification due to decreased vegetation. Hora (1952)
stated:" the Rajputan Desert ia largely a manmade desert ... [formed] by the work of man in cutting down and burning forests.", and
the increase in the size of Sahara Desert may in fact be caused by cutting down trees on the desert border and using wood for energy
(Stebbing 1935, Aubreville 1949).

If human beings can modify the climate and weather inadvertently, they should be able to make intentional changes in
surface characteristics that may modify climate and weather in a constructive way (Anthes 1984). The idea that plantations could
increase the local precipitation was not a newer one. Brook (1928) and Stebbing (1935) discussed it earlier. From 1970s to now some
studies and numerical estimation have been done for this idea. Anthes (1984) suggested that the mesoscale favorable for convective
rainfall would be induced by replacing a uniform bare or sparsely vegetated soil with alternating bands of dense of vegetation in
semiarid regions. Enger et al (1991) studied on the effects on the regional precipitation climate in a semiarid region caused by an
artificial lake. The results showed a significant increase in precipitation.

This study is trying to simulate limited-area weather modification with changes of surface condition such as surface wetness,
roughness and albedo by means of changing naked soil to forest, shallow water body or blacked soil. Some comparing simulations for
different surface conditions were done with given atmospheric initial conditions and boundary conditions in the selected region.
Results of the simulation show that significant effects (such as more precipitation, more moist air) will occur under favorable
atmospheric condition.

2. STRUCTURE OF THE MODEL

The model is formulated in terms of the primitive equations for momentum, mass, specific humidity and virtual temperature
using advection forms. The model uses sigma coordinates and can have more than 19 vertical levels. Horizontally, the equations cast
on a x-y grid transformed with appropriate map projection of the Earth to account for the spherical shape of the Earth.

The model has a regular 129 X 129 square transform grid. The vertical level’s number is 23 above the ground and also a
four-layer model can be used to calculate ground temperature by inducing heat flux exchange with the underground. The vertical
level’s number and the mesh-size of the model are changeable for specific purpose. The forecast time is also changeable (e.g. 36 hrs,
48 hrs).

The feature of this spectral model is to predict meso-scale phenomena in the area which is strongly controlled by earth’s
surface conditions. The input data to start the simulation include parameters of the forecast domain, initial condition data, boundary
condition data and surface characteristic data when we need to change surface condition in a given area.



2.1 Initial Condition Data

2.2 Boundary Condition Data

All the variables will be input at given time with certain time interval during forecast course ( for example, forecast time is 48
hrs, and time intervals 6 hrs, then they will be input at 0 hr, 6 hrs, 12 hrs.... 48 hrs).

2.3 Surface Characteristic Data

For the surface characteristic parameters, roughness, wetness, and albedo are changeable for any given grid.

3. SIMULATIONS IN THE SELECTED REGION

Two methods can be used for the initial and boundary conditions’ preparation. One is to use real data tested in and around the
forecast domain, and another is to use artificial data. Here, simplified or artificial data for initial and boundary condition were used for
the simulation. To make the data close to the real conditions two steps’ simulations were considered (see fig. 1).



The first step is to set up a larger forecast domain with artificial initial and boundary conditions. One simulation case is for
the original condition of the surface, and another is for the changed condition of the surface. In this step, forecast region’s mesh size is
45 kin, initial condition region’s mesh size is 45 km, and boundary condition region’s mesh size is 50 km.

The second step is to use the forecast results of the first step to make the initial condition and boundary condition data to
simulate a relative smaller area. There are five simulation cases same as the first step. In this step, forecast region’s mesh size is 15 km,
initial condition region’s mesh size is 45 kin, and boundary condition region’s mesh size is 45 kin.

3.1 The First Step

(1). The structure of the artificial initial condition

Here we set the pressure of sea surface as:

Psea=1013.25 mb ;

Vertical levels (18): 1000 mb, 925 mb, 850 mb, 800 mb, 700 mb, 600 mb, 500 mb, 400 mb, 300 mb, 250 mb, 200 mb, 150
mb, 100 mb, 70 mb, 50 mb, 30 mb, 20 mb, 10 mb;

Surface temperature: Ts= -F(Zs-Z0) + T0 (1)

where F--0.0065 K/m, T0=288.15 K, Z0=0, Zs is the height of the land surface from sea level. The air temperature at the
interest level can be calculated according to fig. 2.



TTD was set up as:
from level 1 to level 9, it is a function of height with a linear distribution (from the sea surface, it is 5.0); From level 10 to

level 18, it is neglected. For other variables, wind speed U and V are set up as zero (grid number at each level is 129 X 129). date of
the simulation: Jan. 1st of 1994; initial time: 0 hour (GMT).

(2). The structure of the artificial boundary condition Surface pressure Psc can be calculated as:
If the height Zi is zero, then Psc=Psea=1013.25 mb, else:

Psc=P0((T0-F Zi)/T0)(g/F Rd) (2)

where Zi is the surface height from the sea level. T0=Ts=288.15 K, P0=Psea=1013.25 mb.

Wind speed U and V are set up as zero. The specific humidity Qi at different levels has two types distribution:

a. level 1 to level 9:
It is a function of height with the linear distribution (from the surface, Qs=6.0 g/kg);

b. level 10 to level 16: Qi=0.0
Vertical levels (16): 1000 mb, 990 mb, 970 mb, 930 mb, 870 mb, 790 mb, 710 mb, 630 mb, 550 mb, 470 mb, 3 90 mb, 3 10

mb, 230 mb, 160 mb, 100 mb, 50 mb;
date: Jan. 1st of 1994; starting time: 0 hour (GMT);
forecast time: 48 hrs;
time intervals: 6 hrs (for the output results).

All variables are constants at every time interval (grid number at each level is 129 X 129).

(3) Surface characteristic data
Simulations for 5 cases at the first step have been made for the second step’s initial and boundary conditions. The changed

surface conditions of wetness, roughness and albedo in the forecast domain are the follows:



3.2 The Second Step

The simulation results in the second 24 hours at the first step were used. The site for the simulation is adjacent to Perth of
western Australia.

4. RESULTS AND DISCUSSION

Comparing with these simulations, it is clear that, when surface condition turns to wetter, surface temperature will decrease,
lower atmosphere becomes wetter and rainfall will increase.

(1). The precipitation increase is not only in the modified area but also in it’s surrounding region. As shown in fig. 3, the
margin of the modified area and it’s surrounding region which are taken into the account of the accumulated precipitation for every 3
hours.

(2). The precipitation increase is significant comparing with the original case. The additional precipitation occurs during the
afternoon and evening (Pm 2:00 to Pm 8:00 of the local time, local time = GMT + 8 hrs) in the modified area and it’s surrounding
region (see fig. 4 and fig. 5). The amount of rainfall of case 3 is the highest one in five cases. The surface of case 3 is mostly like the
shallow water body with the wettest and smoother surface.



(3). As shown in fig. 6, the averaging evaporation rate in the modified region at given time. During noon (local time Am
11:00 to Prn 1:00), the highest one is case 4. Comparing case 3 with case 4, we can know that the big difference is the roughness. In
another word, the surface of case 4 is rougher than that of case 3. It means the turbulence will occur easily and more water will be
evaporated from the surface.

(4). Comparing the amount of rainfall of case 1 with that of case 4, case 1 is higher than case 4. In case 4, in the center of the
modified area, the surface condition is getting hot and dry. That may provide upward steam to bring moist air in surrounding area to
the upper atmosphere and induce more rainfall.

(5). Comparing case 1 with case 2, the surface conditions in the center of the modified area are same, but different in other
region. The fact is that the wetter the more rainfall.



5. CONCLUSION

As mentioned above, the increase of precipitation depends on two facts. The first is the moist air and the second is the
upward steam. Two facts are of same importance.

Of course this work was done under the artificial or semi-artificial initial and boundary conditions. Further work is needed to
simulate more cases using artificial and finally using real atmospheric condition for more clearly understanding the limited-area
weather modification which is controlled by the surface condition. However, it predict a bright prospect for desert forestation and
local weather modification.
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Providing Earth Systems Science Applications Access To EOS Data
Over Wide Area High Speed Networks

Abstract

For NASA scientists to be able to use software applications to access large data sets over a wide area computer network
requires end-to-end network service performance guarantees that cannot currently be provided with existing network technology
based on TCP/IP best-effort service. This research seeks to measure, test, and modify the next generation network technology,
Asynchronous Transfer Mode (ATM), so that it will provide end-to-end Quality of Service (QoS) guarantees and thus enable a
plethora of applications which cannot gracefully manage network service variability. Specifically, this research is developing network
control algorithms to guarantee network QoS required by a mix of earth science software applications. The goal is to provide a
consistent computing environment that will transparently access data locally from widely distributed remote hosts.

Background

The centerpiece of NASA’s "Mission To Planet Earth" (MTPE) Program is the Earth Observing System (EOS) that consists
of polar-orbiting and low-inclination satellites with each satellite bearing several sensors for long-term global observations of land
surface, biosphere, solid earth, atmosphere, polar ice, and oceans. The anticipated volume of EOS data is expected to be more than one
terabyte received, processed, and archived daily.

EOS data will operate pursuant to U.S. Global Change data policy of full and open access. Thus there are requirements for
scientists from all over the world to be able to access and execute software applications to analyze EOS science data. The large
number of users (potentially millions) and huge volumes of data (petabytes) will require networks with unprecedented functionality
such as guaranteed service performance. NASA has also decided that EOS will use current computer networks and will not build a
separate network to satisfy special requirements.

Providing earth science software applications a guaranteed Quality of Service (QoS) to access EOS data from around the
world is a core problem. Earth science applications will each require a unique network QoS to execute and current wide area networks
provide no mechanism for service guarantees. Network QoS is defined for this research in terms of the following metrics across a
computer network: maximum delay, maximum delay jitter variation, and maximum cell loss rate. Software applications requiring a
network connection will each submit a QoS request to the network that will either be accepted or rejected. The network must not only
compute whether an application will be accepted or blocked, but the network must also determine the performance impact of
accepting a new connection on current connections already provided QoS guarantees. Given finite network capacity due to budget
constraints makes developing network controls to provide QoS guarantees for the maximum number of earth science applications an
important global research and cost-effective network management goal.

There is a limit to the simultaneous number and level of QoS given to software applications over a network. Historically this
network limitation has been avoided by two methods: (1) no applications receive QoS guarantees (all best effort) and (2) increasing
network capacity to decrease delay, delay jitter variation, and cell loss rate for all applications over a network. Given budget
constraints, the optimization of network performance by providing QoS guarantees will postpone or eliminate the need to increase
network capacity while increasing the efficiency/utilization of die network below capacity constraints.

The next generation technology, ATM, provides a possible solution for providing the special EOS requirement for QoS
guarantees. Several academic proposals for ATM QoS schemes have been proposed [Kurose] but there is no current consensus. The
problem of providing QoS guarantees is accentuated by the use of data visualization and video applications that demand
disproportionate amounts of network resources in terms of large bandwidth, low delay, low delay jitter, and low cell loss rate. While
the overall goal of this research is to develop network control algorithms to guarantee the network QoS for a variety of applications,
primary attention will be focused on the impact of data visualization and video applications as planned by NASA investigators.

Analytical Approach and Research Tools

We propose to measure experimental EOS network traffic to determine accurate traffic descriptors for earth science
applications and to characterize ATM QoS metrics. While many theoretical traffic models for different applications have been
developed, little has been done to verify these models using real traffic measurements, especially in the wide area network
environments. Using EOS network measurements, other similar measurements performed by the University of Pittsburgh (vBNS), and
a simulation model, we will develop and test algorithms to provide QoS guarantees that will be suitable for software implementation
in ATM network switches and network management packages.



The main tool of this research is a Hewlett-Packard (HP 75000 series) Broadband Tester (BBT) which is equipped with an
OC-3 (155 Mbps) physical SONET interface, DS3 (45 Mbps) interface an ATM adaption layer (AAL) software module, and an ATM
traffic generation module. The optical interfaces provide two OC-3 ports for plug in - plug out capability so the tester can be placed on
any OC-3 line for morhitoring. The BBT has die capability to collect a variety of statistics on OC-3 line traffic such as counts and
timestamps of all ATM cells. Of particular interest is the ability to collect information on selectively filtered ATM cells. Specifically,
cells can be selected from their stream based on their generic flow control (GFC), virtual path identifier (VPI), virtual channel
identifier (VCI) or payload type (PT). For cell capture, a cell protocol processor (CPP) is equipped with an 8 megabyte buffer which
can hold approximately 13 1,000 ATM cells.

The ATM traffic generation module provides the capability to create an ATM virtual circuit (VC) stream with user defined
traffic characteristics. Cell attributes can be specified for cell payload type, AAL type, sequence number, etc... Note that the tester is
also equipped with an ETHERNET interface such that the measurement process can be monitored and configured remotely from our
location on the University of Pittsburgh campus via the Internet. Each experiment will generate several hundred Megabytes of data,
the analysis of which will take significant amounts of computation time. We plan on performing the computation on a SUN 670MP
with 128 MB of memory using MATLAB and specialized statistical software developed in-house. However, depending on the actual
computation time incurred, we will consider using the facilities of the Pittsburgh Supercomputing Center.

Research Design

The EOS Data and Information System (EOSDIS) will provide data archive, distribution, and information management
services for the data from the EOS satellites. EOSDIS will provide data sets to different Distributed Active Archive Centers (DAACs)
corresponding to specific areas of investigation. The major data flows will consist of inter-DAAC and EOS Communications (Ecom).
Ecom provides secure, reliable space segment communications to uplink telemetry commands to the EOS spacecraft and to download
instrument data to the DAACs. In a closely-related issue, the integration of the space segment with the ground network has been
proposed, with services of the Advanced Orbiting Systems (AOS) protocols being mapped to ATM. This research, however, will
focus on the EOSDIS ground network as a precursor to the anticipated problems of providing access to NASA EOS data over
interconnected wide area high speed networks. Three experiments are proposed to measure EOSDIS ATM traffic characteristics:

First, the BBT will be used to generate traffic with known characteristics which will be transmitted through the
EOSDIS network and looped back to the 1313T. Changes in the traffic characteristics will then be measured (e.g.,
delay jitter variation). This experiment will be repeated for several different routes of varying length for the virtual
circuit carrying the generated traffic.

Second, the traffic on a specific virtual channel will be measured to characterize individual traffic streams and the
QoS values provided. We are planning to use the 1313T as a sink on the EOSDIS network for video sessions or
"TerraVision" visualization sessions originating at distant locations to gauge the received QoS.

Third, the raw aggregate traffic on a link will be measured to determine the time in between cell arrivals.

The measurement data for each individual experiment will be coll ’ ected over a period of up to one week. The entire data
gathering period will be over several months owing to the fact that each individual experiment will have to be repeated for different
values of the following parameters:

- Varying background traffic loads
- Varying the number of hops through which the tagged virtual channel is routed
- Varying the maximum rate of the traffic for the tagged virtual channel
- Varying the traffic distribution of the tagged virtual channel

This first experiment measures the overall delay, delay jitter, and interarrival times for simple PCM voice communications
channels. We chose a 64 kbps channel because of the limited CPP buffer of the BBT; a 64 kbps channel allows us to capture 15
minutes worth of data before we have to transfer the CPP’s buffer to the BBT’s disk. We use one VC to send 64 Kbps constant bit rate
(CBR) foreground traffic and the other VC to send either CBR or variable-bit rate (VBR) back-ground traffic. By placing a timestamp
in the foreground VC cell’s payload and comparing each cell’s arrival timestamp upon its return to the BBT, we can compute the
foreground traffic’s send-to-receive cell delay times, consecutive cell interarrival times, and die cell delay jitter. For the second and
third experiments, we plan to place the BBT at various points in the EOSDIS network to collect different measurements. Based on die
data gathered from these experiments, we anticipate the following results:



(1) Illustration of ATM traffic characteristics changing as the traffic traverses the network, from the network edge to
deeper into the network. We will use this information to characterize ATM traffic deep in a network such that QoS
provisioning algorithms will reflect this statistical behavior. Validation of [Yurcik].

(2) Most theoretical models assume that the traffic is stationary in nature to simplify calculations but it is known that
this assumption is incorrect; telecommunications traffic patterns/statistics vary with time. A unique feature of this
research is the use of statistical tests to determine which portions of the ATM traffic data are actually stationary. We
shall attempt to fit nonstationary models (e.g., non-stationary Poisson process) to the non-stationary portions of the
measured ATM traffic, including the development of new models.

(3) Lastly, we will determine which traffic models (e.g., self similar traffic, Markov Modulated Poisson Process,
etc.) most accurately match the observed ATM traffic.

With these results, an algorithmic solution to providing QoS guarantees will be developed. Preliminary results in [Yurcik]
suggest two possible solutions: (1) traffic shaping within the network, possibly at each switch; or (2) taking into account that traffic
characteristics change as it traverses the network, possibly by getting feedback from trace cells; or (3) a combination of traffic shaping
and feedback. Tradeoffs between QoS schemes in terms of efficiency and complexity will be quantified. Algorithms will be developed
and tested using a simulation model before testbed implementation.

There are opportunities to extend this research based on the expressed desire of NASA network specialists. NASA/Goddard
is participating in ATDnet (Advanced Technology Demonstration network) which is deploying ATM to examine implementation
issues such as routing, numbering, multicasting, and providing guaranteed QoS. ATDnet connects about 20 different institutions in a
ring around Washington D.C. and currently supports a variety of applications including medical images, videoconferencing, and
classified information. As shown in the future above, ATDnet is also connected to ACTS. The Advanced Communications
Technology Satellite (ACTS) provides for the development and flight test of new satellite technology such as advanced antenna spot
beams (Ka band multiple hopping allowing small mobile earth stations) and advanced on-board switching and processing systems
(microwave gigabit switch matrix and interconnectivity between users at an individual circuit level). NASA Lewis Research Center is
responsible for ACTS experiments which includes linking distributed simulation models, virtual reality extensions to earth science
data via TerraVision, and providing interconnections for the ACTS ATM InterNetwork (AAI) which connects the EROS Data Center



(EDC) via the MAGIC testbed, NASA/Goddard and ATDnet. EDC currently contains the world’s largest collection of satellite images
of the Earth (~3 million).

Qualifications

I am uniquely qualified to perform this research for several reasons. First, I am a member of the ATM Research Group at the
University of Pittsburgh which is internationally recognized and currently supported by the National Science Foundation, Hewlett
Packard, MCI, and the Pittsburgh Supercomputing Center. We are one of only two active research groups performing wide area ATM
network research on the NSF-funded very High Speed Backbone Network Service (vBNS URL: http://www. vbns. net). Our research
group is the primary research interest of three full-time faculty, three Ph.D. students (URL: http://www.tele.pitt.edu/vbns_meas.html).
Our ATM research group has developed an expertise using an expensive ($150K) and complex network test device which allows the
measurement, generation, and capture of high speed network traffic. Although the BBT is commercially available, we have developed
special statistical analysis capabilities in-house and have gained experience analyzing ATM traffic as an integrated team of specialists
since June 1995.

Secondly, I have developed a software simulation of a three-switch ATM network which I have published and am currently
calibrating to the vBNS ATM measurements [Yurcik]. This simulation in SLAM II provides flexibility to experiment with extreme
conditions than cannot he replicated on the actual operational networks which we will be measuring. This simulation can also be
trace-driven with the actual ATM measurements.

Lastly, I am uniquely qualified to perform this research because I have a distinguished record of experiences and
accomplishments with NASA and this research is a culmination of ideas and feedback I have received from leaders in NASA
computer networking. Before becoming part of die ATM Research Group at the University of Pittsburgh, I was a chief systems
programmer and manager for both wide area networking (NASA Science Internet and SPAN) and campus area networking at the
Goddard Space Flight Center. I received several commendations in this position, including the NASA Goddard Community Service
Group Award for engineering the transfer of satellite weather data to the U.S. Air Force in support of Operation Restore Hope. I am
still in close communication with NASA computer network specialists and submit this proposal as something that is considered by
NASA network specialists to be vital to NASA strategic network planning yet beyond the operational constraints of their immediate
job responsibilities and capabilities.

Significance to NASA

In aggregate terms, NASA’s networking budget is measured in tens of millions of dollars. This research will enable the
optimal use of NASA’s networking resources to support the maximum number of Earth Science systems applications, as well as the
ability to focus network investment toward priority uses of the network that demand the most resources such as data visualization and
video applications. The results of this research will also have a significant economic impact by providing the ability to strategically
manage NASA’s networking resources, by providing Earth Science and Space Science productivity gains through more and better
network services, and by providing reduced networking costs by not having to rely on ever-increasing network capacity. This research
promises to affect all NASA operations depending on computer networking.

The impact of this research will be accentuated because these NASA systems (EOSDIS) are serving as models for global
change data distribution across the entire U. S. government. NASA has also provided international computer networking leadership
for many years and continues to facilitate the electronic exchange of ideas and information among the worldwide science community.
In terms of data collection and overall cost, MTPE is currently the largest scientific project in the world. This research thus serves as a
vital part of a larger NASA mission.
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SOMALIA FOOD SECURITY INFORMATION SYSTEM

The United States Agency for International Development (USAID)/SOMALIA, under a Participating Agency Service
Agreement, commissioned the United States Geological Survey, EROS Data Center (USGS/EDC) to provide them with a
comprehensive, PC-based, data archive of baseline agricultural, meteorological, socio-economic, and physical statistics to enhance the
prediction of famine in Somalia. The principle goal of the project is to respond to crisis situations that arise out of natural and
man-made shortcomings in food production. The exogenous factors-war, drought, (each with accompanying refugee problems),
disease, and oil price shocks have aggravated the development of Somalia. Food security is a key element of the Somalian
governments’ concern. USGS/EDC’s International Program has developed an informational data base using ArcView 2.1 to better
monitor the outcome of each season’s food crops. Several decades of agricultural, meteorological, socio-economic, population,
livestock, and migrational statistics (that have been collected by many organizations) have been ingested into the system to enhance a
holistic view. The Digital Chart of the World (DCW) cartographic base layers were added from ArcView to map the statistics visually
per region, district or area. Landsat Multi Spectral Sensor (MSS) and National Oceanic and Aeronautical Administration Advanced
Very High Resolution Radiometer (AVHRR) imagery can be viewed separately. Approximately 1500 fields of tabular data are linked
to the map data.

The Somalia database is categorized by data theme into levels that consist of the area, the crop, year, and season. A Delphi
Graphical User Interface (GUI) is used to allow the user to select the categories of interest and retrieve the tabular information from a
data dictionary for viewing in ArcView. For example, to find out how many cowpeas were produced in the Jubba River Valley area in
the Gu season in 1989; click on the map of Somalia’s Jubba valley, choose Agricultural theme, pick cowpeas, select 1989, the Gu
season. The statistics are displayed in either graphic or cartographic form. The data can be compared to other Gu seasons and/or
manipulated to display any variety of graphic screens. Time-series plots of AVHRR Normalized Difference Vegetation Index (NDVI)
were added and can be viewed, by administrative unit, by passing the ArcView data to Excel. Metadata are available for both the
spatial and tabular data through on-line help menus. The powerful database that was created- using Delphi, ArcView 2.1, Excel and
multiple data sources- is quite impressive and user-friendly.



PUTTING PEOPLE ON THE MAP: INTEGRATING SOCIAL SCIENCE DATA
WITH ENVIRONMENTAL DATA.
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ABSTRACT

Nine socio-economic variables selected from the Bureau of the Census decadal censuses for 1980 and 1990 were combined
using principal component analysis. The first component could be interpreted as an index of human settlement. Classification and
Regression Tree (CART) analysis was used to determine the environmental correlates of this component, using climate data and the
Loveland et al. data for the coterminous United States, and pattern metrics derived therefrom. Climatic conditions were correlates of
settlement density only outside urban centers. Land cover information was influential only for the second component, an index of new
settlement accompanied by outbuilding.

Introduction

Interest in Human Dimensions of Environmental Change typically focuses on 1) how humans impact the environment and, 2)
how humans respond to, or are constrained by, the environment. In this paper we describe collaborative work with the Biodiversity
Research Consortium on linkages between landscape metrics that quantify spatial patterning of landscapes in ecologically relevant
ways and which can be tracked using remote sensing, and a suite of measures of human activity obtained from the decadal Bureau of
the Census records (U.S. Bureau of the Census, 1980, 1990) Of particular interest here is the role of population as an agent of
environmental transformation. Population requires resources, and change in population is linked to changes in settlement and
cultivated areas, and is thus typically related to land use change.

Methods

A suite of nine variables (listed below) from the Census were chosen not only as measures of population density and growth
but also to provide surrogate measures of date and intensity of settlement and measures of the urban or rural nature of the area.
Wealth, as measured by per capita income, is a measure of affluence and was included because of the potential relationship to
consumption patterns.

We mapped landscape metrics across the coterminous United States, using approximately 12,500 locations on a hexagonal
grid developed by the U.S. Environmental Protection Agency for its Environmental Monitoring and Assessment Program (EMAP).
We used the Loveland et al. (1991) 1 km2 resolution land cover classification of the United States as the basis for our landscape
metrics, supplemented by an urban layer from the Digital Chart of the World (Danko, 1992). We aggregated the 160 land cover
classes of this scheme into 14 coarser classes of an Anderson Level 11 scheme. Within each of the 640 km2 hexagons selected metrics
were computed to characterize the landscape ecology of the area. Metrics computed included compositional measures (per cent of
hexagon in each of the specified land cover classes), patch size distributions, dominance and contagion indices, fractal dimension,
types and frequency of edges between habitat types, as well as measures of road abundance, rivers, and public ownership.

We also incorporated several climate variables taken directly from the Historical Climate Network (HCN). In addition we
derived other climate variables, such as an index of seasonality (computed as the pixel by pixel difference between long term July and
long term January temperatures averaged within hexagons). Such derived measures proved of considerable predictive value (Figure 1
below). County level data from the U.S. Census were overlaid with the hexagon grid and an average density for each hexagon
computed on an area-weighted basis.



Results

Nine variables from the Census were selected for analysis and subjected to principal components analysis to allow for their
possible cross-correlation. The variables in order of their first principal component loadings (in parentheses) were 1) 1990 population
density per km2 (0.52); 2) 1980 population density per km2 (0.5 1); proportion of hexagon deemed metropolitan (0.42); density of
houses per km2 (0.36); density of farms per km2 (0.28); change in population density, 1980-1990 (0.21); mean age of structures per
hexagon (0. 12); km of farmland per hexagon (-0. 11), and a wealth index for each hexagon (406).

The first principal component (PC 1), the primary focus of discussion here, has major positive loadings on just three variables
- 1980 population, 1990 population and number of houses and negligible loadings on the others. When mapped across the 48 states
(Figure 1) the PC I scores were broadly parallel to what most demographers would call population density but the component score
had the virtue of using all the information in the nine variables and is better described as an index of human settlement or Human
Settlement Index (HSI).

For a researcher working on the Human Dimensions of the Environment it is of interest to explore the relationship of this
index to environmental factors. For example, climate and topography may constrain settlement or settlement may determine
subsequent land use. We considered four classes of environmental variables, namely climate, land use, land use patterning and a
miscellaneous class.

We used Classification and Regression Tree (CART) analysis (Breiman et al. 1984) to partition the variance in the Human
Settlement Index among the environmental variables considered, with recursive partitioning yielding the hierarchical model of Figure
2. For each x-variable a threshold was chosen that maximized the differences in the focal variable between the two sub-sets thus
created; the variable that best split the group was then used as a splitting variable. The process was then repeated recursively but
independently on each of the subgroups created, until some splitting criterion was satisfied. Here cross-validation was used to
optimize splitting. In Figure 2 the first two splits were on the basis of the extent of urban pixels within the hexagon, with thresholds of



8% (i.e. segregating major urban centers) and 1.2% (minor urban centers). Correlations with climate and with other e.g. land use -
variables, occurred only within the less populous areas. Thus the location of major urban centers is more driven by geography
(proximity to rivers and ocean) causes and by historical (areas of initial settlement and penetration of the country) causes than by land
use and climate considerations. Outside these urban areas higher density settlement was located in the more equable (mean seasonal
temperature amplitude <18°C) hexagons and, outside these, in wetter rather than in drier (arid) areas. While in one sense these
findings are well known to geographers, our analysis allows quantification of the extent to which settlement patterns depend on
environmental factors.

We can now ask where are the hexagons that were members of each of the five end nodes of the CART analysis and that
therefore share the environmental correlates of these nodes (respectively low seasonality, high seasonality with low precipitation, high
seasonality with high precipitation, and large and small metropolitan areas). Figure 3 shows the locations of the hexagons by end
node. Major and minor urban centers are scattered throughout the country, though more abundant in the wetter east, but areas of
greatest settlement were otherwise coincident with areas of low seasonality across Florida and the Gulf Coast and along the Pacific
coast. In the more seasonal remainder of the country settlement was higher in the eastern area of high precipitation than in the and
West.



The second principal component was a multivariate structure contrasting areas of high population growth accompanied by
new building with areas of farming and established buildings, in essence measuring the effect of population growth and redistribution.
Since this principal component axis was orthogonal to the first, such differential growth is independent of the general pattern of
settlement captured in Figure 1. We term this index therefore as density -independent growth and settlement (DIGS) - an index which
measures growth over the period 1980-90 occurring simultaneously with new development and little land allocated to agriculture.
When we analyzed this index in a CART tree, we obtained a node that segregated the locations with the highest values of this index.
The locations of this growth were selectively concentrated onto coastal barrier islands and dunes, and along the edges of desert areas,
all of them locations of scarce fragile ecosystems (Mageean, Bartlett and O’Connor in prep.). This national pattern of impact does not
seem to have been documented previously and speaks to the power of the approach outlined here.

Discussion

The method described here provides a new approach with which to relate socio-economic data to environmental factors. The
use of principal component analysis effectively reduced the dimensionality of the dataset from the Census data and the CART analysis
then provided a means of partitioning the variance of the resulting independent factors among sources of environmental variation.
Several methodological issues remain to be resolved. One issue is the potential for bias in mapping county-level socio-economic data
to the higher resolution spatial units provided by the EMAP hexagons: as western counties are typically larger than are eastern ones,
this mapping is biased geographically. A second potential problem is how to accommodate spatial autocorrelation in both
socio-economic data and environmental data in a CART analysis designed to work with spatially independent units. Nevertheless, the
method clearly yielded interesting results that would not have been obtained by conventional analysis and therefore suggests that its
further development will be productive.
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ABSTRACT

In response to well documented requirements for regional and continental scale digital elevation models (DEM’s), the staff at
the U.S. Geological Survey’s EROS Data Center is developing global digital elevation data with a horizontal grid spacing of 30-arc
seconds (approximately I kilometer). The DEM’s are generated from several topographic data sources, each requiring specific
processing methodologies and quality assurance procedures. The continent of Africa serves as a representative example for a
description of the techniques used in development of the 1-kilometer elevation models. Digital Chart of the World (DCW), a vector
cartographic data set based on the 1: 1,000,000 Operational Navigation Charts, was the source data for roughly one-half of the Africa
DEM. The hypsography, drainage, and coastline data from the DCW were processed with a surface gridding program. The other half
of the Africa DEM was generated from information derived from Digital Terrain Elevation Data (I)TED), a raster topographic data
base with a horizontal grid spacing of 3-arc seconds (approximately 90 meters) produced by the Defense Mapping Agency. The
DTED data were generalized to 30-arc seconds with a scheme that retains the topographic breaklines (streams and ridges) from the
full resolution data in the reduced resolution representation. Because of differences in topographic detail and accuracy along the
irregular boundary between the two data sources, the merging procedure included blending techniques to minimize the discrepancies.
The resulting DEM has an absolute vertical accuracy of better than 100 meters (root mean square error).

INTRODUCTION

Digital elevation data are an important source of information in studies of land surface processes. Medium resolution
topographic data, with a horizontal grid spacing up to I kilometer, have many applications such as continental-scale land
characterization, climate modeling, large area hydrologic studies, and geometric and atmospheric correction of medium and coarse
resolution satellite image data. Although the requirements for digital elevation data are well known and have been documented
(Topographic Science Working Group, 1988; Guindon, 1993; Gesch, 1994), complete global coverage of digital elevation models
(DEM’s) with a resolution of I kilometer has been unavailable. In response to the stated needs of the geospatial data user community,
staff members at the U.S. Geological Survey’s EROS Data Center are developing global digital elevation data with a horizontal grid
spacing of 30-arc seconds (approximately I kilometer). Previously, the best available global DEM was the ETOPO5 data set with a
horizontal grid spacing of 5-arc minutes (approximately 10 kilometers).

Development of 1-kilometer DEM’s has created unique challenges in the area of spatial data processing techniques. The
DEM’s are generated from several topographic data sources, each requiring specific processing methodologies and quality assurance
procedures. The large volume of input data, and the significant computer resources required, demand that efficient production
procedures be implemented. For this paper, the continent of Africa serves as a representative example for a description of the
techniques used in development of the 1-kilometer elevation models.
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DATA SOURCES

The global 1 -kilometer DEM’s are based primarily on data derived from two sources: Digital Chart of the World (DCW) and
Digital Terrain Elevation Data (DTED). Additional sources have been used for areas where DCW and DTED are not available. More
than 65 percent of the global land surface is covered by DTED, with coverage concentrated in the northern hemisphere. Consequently,
the portions derived from DTED for the North America, Europe, and Asia I -kilometer DEM’s are much more than for Africa.
Approximately 56 percent of the Africa DEM is based on DTED, while the remaining 44 percent is based on DCW.

Digital Chart of the World

DCW is a vector cartographic data set based on the 1: 1,000,000-scale Operational Navigation Chart (ONC) series, which is
the largest scale base map source with global coverage (Danko, 1992). The DCW and the ONC series are products of the Defense
Mapping Agency (DMA).

The topographic information of interest for generating DEM’s is contained in several DCW hypsography layers. The primary
contour interval on the source ONC’s is 1,000 feet (305 meters), and supplemental contours at an interval of 250 feet (76 meters) are
shown in areas below 1,000 feet in elevation. The DCW drainage layers were also used as input to the DEM generation process; this
information included stream networks, lake shorelines, lake elevations, and ocean coastlines.

Digital Terrain Elevation Data

DTED, also a DMA product, is a raster topographic data base with a horizontal grid spacing of 3-arc seconds (approximately
90 meters). Access to full resolution DTED for areas outside the United States is limited to agencies of the U.S. Government, but
permission has been granted by DMA to the EROS Data Center to use and distribute a generalized 30-arc second version.

DATA PROCESSING

Data processing was accomplished using commercially available geographic information system software, vector-to-raster
gridding software, and utilities developed specifically for this project. To more efficiently handle the numerous input data sets and to
standardize the proper sequence of processing steps, the production procedures were automated to a great extent by employing preset
parameter values, scripted command files, and consistent naming schemes for input and output data files.

DTED Generalization

The 3-arc second DTED were generalized to 30-arc seconds by selecting one elevation value to represent the area covered by
100 full resolution grid cells (a 10 by 10 matrix). There are several options for aggregating the 100 full resolution grid cells into I
generalized, reduced resolution grid cell. A statistical approach uses a representative statistic such as mean or median of the 100 full
resolution cells. Such an approach is ideal for low relief areas, but significant smoothing of features can occur in high relief areas. A
resampling approach uses a geometric transformation to accomplish resolution reduction. Nearest neighbor and bilinear resampling
are often used for raster elevation data. With the degree of generalization for the Africa DTED (100 cells to I cell), only 1, or a few,
full resolution cells are sampled to calculate each generalized elevation, so there is a good chance that prominent topographic features
may not be represented.

The Africa DTED were generalized with an approach that emphasizes the topographic breaklines (ridges and stream
channels) as found in the full resolution data. The goal is to retain as much of the significant topographic information as possible in the
generalized DEM. The breakline emphasis approach is similar to the concepts of the structure line model of generalization described
by Weibel (1992).

Topographic breaklines were extracted directly from the full resolution DTED with the widely used methods described by
Jenson and Domingue (1988). Based on the location of the breaklines, generalized grid cells were classified as either "ridge" or
"stream" cells. Ridge cells retained the maximum value of the corresponding full resolution elevation values, while stream cells
received the minimum elevation from the area of corresponding full resolution cells. In this manner, the significant topographic
structure lines are preserved in the generalized data. Reduced resolution cells that do not contain breaklines were simply assigned a
representative elevation value based on a nearest neighbor resampling of the full resolution DTED.

DCW Preparation and Gridding

The topographic information from the DCW was converted into an elevation grid through a vector-to-raster gridding
approach. The hypsography, drainage, and coastline data were input to the ANUDEM surface gridding program developed at the



Australian National University (Hutchinson, 1989). ANUDEM, specifically designed for creating DEM’s from digital contour, spot
height, and stream line data, employs an approach known as drainage enforcement to produce raster elevation models that represent
more closely the actual terrain surface and contain fewer artifacts than those produced with more general purpose surface interpolation
routines. However, in order to prepare and format the DCW for input to ANUDEM a significant amount of preprocessing was
required. This processing included editing and updating the vector stream lines so that the direction of each was oriented downstream
(a requirement of ANUDEM). Further preprocessing involved detection and correction of erroneous contour and point elevations
(Larson, 1996).

Ocean coastlines were assigned an elevation of zero for input as contours. Also, shorelines of lakes for which the DCW
included elevations were tagged and used as contour input. Additional point control was input into the DCW gridding process in an
effort to minimize the discrepancies along the border between the DCW and DTED. Points derived from generalized DTED within a I
-degree buffer surrounding the DCW areas were input to ANUDEM so that the 30-arc second grids from the two sources would better
match in the overlap area.

The output from ANUDEM was an elevation model grid referenced in the same horizontal coordinate system as the
generalized DTED. The output grid spacing of 30-arc seconds has been shown to be appropriate for the information content present in
the DCW hypsography layers (Hutchinson, 1996; Shih and Chiu, 1996).

DEM Merge

Prior to merging with the generalized DTED, several postprocessing steps were performed on the DCW grid. Lakes for
which the DCW did not indicate an elevation were updated on the grid with the lowest grid cell elevation found along the shoreline.
Also, an artifact of the surface interpolation process in areas just inland from the ocean coastline was detected and corrected. In these
areas ANUDEM produced anomalous below sea level elevation values. Any grid cell that did not coincide with the DCW polygons
that denote real below sea level areas was remapped to an elevation above sea level.

Merging of the generalized DTED and the DCW grid to produce the Africa DEM was accomplished by mosaicking the two
data sets. The generalized DTED had the highest priority so that coverage of the source with the greater topographic detail and
accuracy was maximized. The DCW grid filled in the areas of the African continent not covered by DTED. The merging procedure
included blending of the two data sources along the irregular boundary to minimize the differences and smooth the transition. The
blending was performed in an overlap area of I degree (120 grid cells) surrounding the DTED areas. The blending algorithm computes
a weighted average with the weights for each data source determined on a cell-by-cell basis according to the cell’s proximity to the
edges of the overlap area (Franke, 1982.)

The final processing step performed on the mosaicked and blended product involved "clipping out" the land (as defined by
the DCW coastline) and setting the ocean areas to a constant background value. The horizontal coordinate system of the final Africa
DEM is decimal degrees of latitude and longitude referenced to WGS84, and the vertical units represent elevation in meters above
mean sea level.

ACCURACY ASSESSMENT

The absolute vertical accuracy of the Africa DEM varies by location according to the source data. Generally, the areas
derived from DTED have a higher accuracy than those derived from the DCW. The full resolution 3-arc second DTED have a vertical
accuracy of ± 30 meters linear error at the 90 percent confidence level (Defense Mapping Agency, 1986). If the error distribution is
assumed to be Gaussian with a mean of zero, the statistical standard deviation of the errors is equivalent to the root mean square error
(RMSE). Under those assumptions, vertical accuracy expressed as ± 30 meters linear error at 90 percent can also be described as a
RMSE of 18 meters. The areas of the Africa DEM derived from DTED retain that same level of accuracy because through
generalization an actual elevation value from one full resolution DTED cell is chosen to represent the area of the reduced resolution
cell (although the area on the ground represented by that one elevation value is now much larger than the area covered by the full
resolution cell).

To characterize the accuracy of the areas of the Africa DEM derived from the DCW, the DCW grid was compared to 30-arc
second DTED, which had been aggregated by averaging. By aggregating, the comparison could be done at the 30-arc second cell size
of the DCW grid. Eliminated from the comparison were those areas of the DCW grid for which supplemental DTED point control had
been included in the gridding process. If the averaged DTED are thought of as the reference data set, the RMSE of the DCW grid is 95
meters. To get an idea of the overall absolute accuracy of the DCW grid, the relative error between the DCW and DTED can be
combined with the known error of the DTED itself in a sum of squares. The root of that sum of squares is 97 meters. Using the
assumptions about the error distribution cited above, a RMSE of 97 meters can be expressed as ± 162 meters linear error at 90 percent



confidence. This number compares favorably with an expected vertical accuracy (linear error at 90 percent) of one-half of the primary
contour interval of 1,000 feet (305 meters) for the topographic maps on which the DCW is based.

SUMMARY

A digital elevation model of Africa at a 30-arc second horizontal grid spacing was produced by incorporating the elevation
data derived from two sources, one was a vector source (DCW) and the other a raster source (DTED). The goal of the processing
techniques that were implemented was to maximize the amount of topographic information that could be derived from each source.
The resulting digital elevation grid, with an absolute vertical accuracy of better than 100 meters RMSE, provides new topographic
data with a level of detail and accuracy suitable for many regional and continental applications, such as extraction of drainage features
for hydrologic modeling (Danielson, 1996; Verdin and Jenson, 1996). The techniques developed and implemented for production of
the Africa DEM have been extended to expedite completion of 1-kilometer DEM’s for the other continents.
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ABSTRACT

It is imperative that data are readily available to researchers as they study the complex impacts of cultural interactions upon
the environment. Whether the studies involve desertification, global warming, deforestation, or changes in biodiversity, researchers
must be able to determine what types of data are available and to be able to retrieve those data.

The U.S. Geological Survey’s EROS Data Center (EDC) has long been recognized for its expertise as a data management,
systems development, and research field center, and for its role as the National Satellite Land Remote Sensing Data Archive. In its
partnership with NASA and the Mission to Planet Earth initiative, EDC serves as a Distributed Active Archive Center (DAAC) for
acquiring, processing, producing, archiving, and disseminating remotely sensed land processes data. The EDC DAAC promotes
interdisciplinary study of integrated Earth systems by providing data for study of the Earth’s land processes and conditions and by
participating in the development of tools for the retrieval of these data.

The Earth Observing System Data and Information System (EOSDIS) Information Management System (IMS) is one of
these tools. Under development since 1991, the EOSDIS IMS continues to evolve while a multidisciplinary group of DAACs work
together on design and population of the system’s directory, guide, and inventory structure. In June 1996, the version 6.0 client,
containing the latest EOSDIS IMS enhancements, was released to the public. Examples of these enhancements are a modified
EOSDIS IMS Welcome screen; a redesigned valids selection interface (for example, valids filtering techniques, definitions for system
valids); data set specific help text for inventory status codes; and descriptive search text at the data set level (for example, actual hits
and search time parameters).

INTRODUCTION

The Earth Observing System, part of NASA’s Mission to Planet Earth initiative, is a major component of the United States
Global Change Research Program. The Earth Observing System Data and Information System (EOSDIS) Information Management
System UMS) is being designed as a distributed system to support archiving and distributing data from multiple data centers,
including the EROS Data Center (EDC) Distributed Active Archive Center (DAAC) with its aircraft photography and satellite
imagery collections. The EOSDIS Version-0 (Vo) IMS is the result of a collaborative effort between representatives of the IMS team
at the Goddard Space Flight Center and data center teams utilizing existing data collections. In September 1994, the EOSDIS V0-IMS
prototype became available to the Earth science community, planners, educators, and managers (NASA, 1996). In June 1996, the
latest release of the EOSDIS V0-IMS client (version 6.0) with its component enhancements became available to the Earth science
community and to the general public.

EOSDIS VO-IMS COMPONENTS

Many of the components for the EOSDIS VO IMS (fig. 1) have evolved over a 2-year period, including modifications to the
introductory and search screens; enhancements to the geographic selection map; addition of intermediate valids, filters, and definitions
screens; additions to the inventory results screen; and the continued ingest of browse imagery and data collections.
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COMPONENT ENHANCEMENTS

The following enhancements to the VO IMS are designed to optimize system navigation and data selection in support of a
multidisciplinary user community:

• A revised Welcome screen, complete with a new introductory banner, provides a user with information (for
example, system tutorial, VO-IMS Users Manual, contacts for user support) through a series of bulleted hypertext
links. Recent additions to the bulleted listing include information on DAAC-specific functions and links to related
World Wide Web pages and data base systems.

• Cross-inventory searching eliminates the need to enter search criteria several times to determine what data are
available across multiple data sets held in multiple DAAC archives.

• A user may specify geographic coordinates either by entering latitude and longitude coordinates into text boxes or
by using the gridded geographic selection map to select a point or to draw a rectangle or a polygon. As the user
draws on the geographic selection map, latitude and longitude coordinates are now displayed on the screen next to
the cursor.

• An intermediate valids selection screen has been added to the EOSDIS VO-IMS search interface to assist a user in
navigating through the hundreds of system valids. A user may either select terms directly from the complete list of
valids or use the system’s series of filters, its string-searching capability, or its free-text entry capability to expedite a
search. The implementation of string searching and free-text searching options are in progress.

• Predefined filters provide segmented views of a complete valids list.



• Definitions for system valids (for example, platform/source valids, sensor/instrument valids, geophysical parameter
valids) are provided to assist in the valids selection process. Population of the VO IMS with definitions describing
the various system valids is in progress.

• Whether searching large data sets or large geographic areas, a user may exceed either the user-defined granule limit
or an individual DAAC’s search time limit. If a user exceeds these limits, comments at the data set level provide the
user with information on the return of actual hits (that is, the total number of hits versus the number of hits returned
to a user based upon the granule limit setting on the search screen). Comments also inform a user if a search is too
broad (that is, if the search is over the search time limit or if the geographic areas selected are larger than the
maximum coverage area supported by geographic searching algorithms) and provide the user with suggestions on
how to narrow the search.

• Depending upon the data set, browse images are available for help in determining image quality (for example, line
drop anomalies, areas of cloud cover).

SUMMARY

The EOSDIS VO IMS has evolved since its 1991 conception as a prototype information management system. Many VO-IMS
components have been modified and new components added during the past 5 years as the system continues to evolve as an
operational prototype for the next generation IMS that will support the ongoing activities of the Mission to Planet Earth initiative. The
EOSDIS V0 IMS has paved the way for further development as EOSDIS Core System personnel gather information from the V0
experience and plan for the migration of V0 technologies.
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PURPOSE:

The Halogen Occultation Experiment (HALOE) was launched on the Upper Atmosphenic Research Satellite (UARS)
spacecraft on September 12, 1991, as part of the Mission to Planet Earth (MTPE) Program. The experiment uses solar occultation to
measure vertical profiles of O3, HCl, HF, CH4,H2O, NO, NO2, aerosol extinction and temperature versus pressure with an
instantaneous field of view of 1.3 km at the Earth limb.

A significant portion of the validation effort for HALOE is based on comparisons with correlative instrument measurements,
internal consistency checks and comparisons derived from theory. This requires communicating with a large number of investigators
and effectively and efficiently tracking results of multiple comparisons. HALOE has developed a prototype for a software system to
optimize this type of interaction with researchers and investigators.

In part, the system uses HTML (Hyper-text Markup Language) and the World Wide Web as an interface to a collection of
data sets and images. The software is designed to provide easy access to HALOE and other correlative data sets. Access includes
locating coincident measurements between data sets, creating plats and downloading data.

The final version of the web site will allow users to submit data directly from their site into the HALOE correlative database
using the latest capabilities of HTML.

The delivered correlative data center will be completed during the 1997 calendar year and will be developed following
Carnegie Mellon University’s Software Engineering Institute (SEI) guidelines for software quality management.
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ABSTRACT:

The TM-Lab program was conceived as an experimental project for manipulating image data obtained by the Thematic
Mapper instrument on board the Landsat 4 and 5 earth-orbiting satellites. Its main purpose is to serve as a prototype and as an
investigative tool in order to appraise the potential of various programming methods and techniques that could be useful in image
manipulation and data mining operations.

An additional goal of the TM-Lab project is to provide a satellite image processing program that executes in a standard PC
machine. The program could thus be used as a teaching tool, an experimentation and development platform, and an inexpensive
medium for popularizing photogrammetry and remote sensing technology.

The present implementation of the program (Beta version 1.0) provides display of Thematic Mapper images in thumbnail and
uncompressed form. The user can view any portion of a TM full scene by positioning a box cursor on the thumbnail area. The
uncompressed window shows an area of 250-by-250 pixels, which corresponds to a surface of approximately 7 kilometers square. It is
also possible to zoom in an area of 14 square pixels and to read the band values for a particular pixel. The program menus provide
image manipulations, which include histograms and contrast enhancement functions, data mining by means of band and pixel
operations, mapping to and from geographical coordinates, and program configuration options.

Additional information about the TM-Lab program can be obtained by sending email to:
sanchez@nmc1.nmclites.edu

1. PROGRAM DESCRIPTION

1. 1 Requirements

The present Beta version of TM-Lab executes in a PC machine with the following minimum requirements:

1. MS-DOS 3.0 or higher
2. 386, 486, or Pentium CPU
3. Mathematical coprocessor (387 or higher)
4. 250K free memory at load time
5. 1 Mb free disk space for installing program and support software
6. SVGA video system with I Mb VRAM and VESA driver version 1.2 or higher, capable of VESA mode 112H (640-by-480
pixels in 16.7 million colors)
7. Microsoft mouse and driver installed
8. Thematic Mapper image file in the system’s hard drive or a CD-ROM
9. The file named AK090UHP.SFP (contained in the program disk provides large screen fonts.
10. A setup file (named TM_LAB.TXT) in the same directory as the TM-Lab program.

1.2. Image Data

TM-Lab requires a Thematic Mapper image stalled in the system’s hard disk drive or in a CD-ROM. Program execution is
approximately six times faster when the image is located in the hard drive. The TM-Lab setup file (described in the next section)
defines the location where TM-Lab expects to find the image files, their format, and the default display mode.

1.3 TM LAB.TXT Setup File

The TM-Lab program requires the presence of a setup file named TM_LAB.TXT. A sample setup file is furnished with the
program. The setup file contains operators and instructions for setting up the program, including initial display instructions for the



band data, and pathnames to the header and raster data files. Also in the setup file, the user may define band processing formulas that
are accessed in the mining menu.

The user may create new setup files using any text editor or wordprocessor program. In either case the setup file must be
saved in ASCII format.

1.4 Program Design

TM-Lab is divided into two major screen sections. The top section takes up approximately 40 percent of the screen and is
used for user input and program statistics. The lower section, which takes up approximately 60 percent of the screen, is used for
displaying the image data. A thick black line separates both sections.

The mouse left button is used to select many TM-Lab functions and to execute commands. An audible feedback is provided.
A dull, longer sound indicates a selection. A shrill, shorter sound indicates that the function is not enabled or illegal.

2. IMAGE MENU

2.1 Image Menu Functions

The image menu contains the following commands:

Histograms (1: 1)



Contrast Enhance
Screen Grab (FULL)
Screen Grab (IMAGE)

2.2 Histograms (1: 1)

This command displays the normalized histograms for the six bands of the 1: 1 image area. The bands are labeled b I to b7.
An update button on the top right screen area is provided.

2.3 Contrast Enhance

The Contrast Enhance command displays a screen area that contains an enlarged histogram for each of the available image
bands as well as several contrast enhancement controls. These histograms correspond to the 1: 1 screen image of the bottom right
screen section. The enlarged histograms show a bar chart of all 256 pixels along the y-axis, normalized to 140 pixels along the x-axis.

The transfer function used in displaying the pixel data is overlayed on the histogram. The default transfer function is linear
(displayed as a red line) and displays the pixel data exactly as contained in the raster file. This means that a pixel data value of 0 is
shown as the darkest displayable attribute, and a value of 255 as the brightest. All other values are proportionally scaled between the
intensities of 0 and 255. Binary and a cut-off type transfer functions can also be selected.

2.4 Screen Grab operations

Two screen grab modes are furnished: FULL and IMAGE. The FULL mode dumps the entire TM-Lab screen into a disk file
in Targa format. The IMAGE mode dumps the partial scene area (250-by-250 pixels). The FULL dump cycles through three different
filenames, which are displayed after the dump takes place. The IMAGE mode cycles through six filenames. If more images are
desired, the user will have to exit TM-Lab and rename the disk files, since the programs will automatically overwrite existing images
as the screen dumps are requested.

3. MINING MENU

3.1 Mining Menu Functions

The mining menu provides functions for investigating the image database. Two commands are provided:
Band Operations Pixel Operations

3.2 Band Operations

This command allows the user to enter a formula which is used by the program to generate a virtual band (labled Bv on the
Band Operations screen). The grammar for the formula or equation is described on a screen block. The data used by the Band
Operations must be on the screen in one of the three primary colors: blue (letter code B), green (letter code G), or red (letter code R).

Buttons on the screen top-left provide for formula input and for solving an equation already entered.

The display control box allows selecting the color in which the virtual band data is displayed. Also if the display is of the
results only (ISOLATE mode) or if the virtual band is merged with existing screen colors (MERGE mode).

The user may optionally define formulas that are frequently used. The formulas are described in the TM_LAB.TXT setup file
as mentioned previously. Each formula can be assigned an identifying name.

3.3 Pixel Operations

The pixel operations command allows data mining using pixel signatures. The screen contains the following areas:

The band select and tolerance controls area allows selecting the bands that will be used in matching the pixel signature and
adjusting the tolerance for the match operator. Each band contains a color-coded graphic slide and a mouse-control icon. The slide
matches the color attribute of the corresponding band, as labeled on the top. The graphic columns on the right and left represent the
tolerance values selected.



The icon below the bands allows controlling the on/off condition of the band as well as the match positive and negative
tolerance. The center button on the icon toggles the band on and off. An off band appears with a crossed button. Bands that are on also
have four smaller control buttons on the icon. The two buttons on the left side allow increasing (top button) or decreasing (low button)
the negative tolerance. The small buttons on the right correspond to the positive tolerance.

The output control area defines how the hits that occur during pixel signature matching are displayed. The mode button
allows selecting between MERGE and ISOLATE. In the merge mode the resulting matches for all selected bands are blended and
displayed as bright white pixels. In the ISOLATE mode each video attribute (blue, green, and red) is handled separately.

The statistics area displays the match result in total hits and in percent. They are displayed on the 1:1 area, therefore their
total is of 62,500 (250 times 250). In the isolate mode, statistics are displayed for each primary screen color.



4. MAPPING MENU

4.1 Mapping Menu Functions

The Mapping menu contains the commands:

Geo Locator (28: 1)
Geo Locator (1: 1)

These commands are designed to assist the user in finding geographical points defined by their latitude and longitude.

4.2 Geo Locator 28:1

The 28:1 screen geographic locator command displays the geographic coordinates of each of the comers and the center of the
28:1 screen; also the scene orientation as it appears in the header file, and the location of the screen center pixel. Notice that the center
pixel location often does not coincide with the startup position of the box cursor.

The buttons on the coarse grain mode of the geographical locator perform the following functions:

The Center button displays a small cross marker on the position of the image center.

The Locate button allows entering the latitude and longitude of a point to be found. Once entered, the point is marked on the
28:1 screen with a white cross. Input is in degrees, minutes, seconds format.

4.3 Geo Locator 1: 1

The 1:1 screen geographic locator command displays the geographic coordinates of each of the comers and the center of the
1: 1 screen; also the scene orientation as it appears in the header file, and the location of the box cursor.

The buttons on the fine grain mode of the geographical locator perform the following functions:

The 1: 1 Box button displays the geographical location of the center of the 1: 1 box cursor. This button can be used to find the
geographical coordinates of a point on the 1: 1 screen.

The Locate button allows entering the latitude and longitude of a point to be found. Once entered, the point is marked on the
screen with a white cross. The input is in degrees, minutes, seconds format.

The Clear button erases any displayed cross marks and clears the point coordinates display area.

5. SETUP MENU

Three functions are implemented in the Setup menu:

1. Auto Enhance ON/OFF is a toggle switch that determines if the 1: 1 image is automatically enhanced at display time.
Setting the switch to ON is the same as pressing the equalize image button on the Contrast Enhance menu before the 1: 1 image is
displayed.

2. Auto Enhance Mode HISTOGRAM/RASTER is a toggle switch that determines how the automatic enhancement takes
place. The action corresponds to the Equalize Histogram and Equalize raster data buttons on the Image Enhance function.

3. Negative Image ON/OFF produces an image in the complementary colors. This function could be used in generating
photographic negatives or to aide visualization.
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