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Preface

In a statement before the United Nations General Assembly on September .18, 1969,
President Nixon said, “Of all of man’s great enterprises, none lends itself more logi-
cally or more compellingly to international cooperation than the venture into space.

. we are just beginning to comprehend the benefits that space technology can yield
here on earth. And the potential is enormous. . . . I feel it is only right that we
should share both the adventures and the benefits of space. As an example of our
plans, we have determined to take actions with regard to earth resource satellites as
this program proceeds and fulfills its promise. The purpose of those actions is that this
program will be dedicated to produce information not only for the United States but
also for the world community.”

As one of the actions foreseen in the President’s message, the U.S. representative
at the September 1, 1970, meeting of the United Nations Committee on the Peaceful
Uses of Outer Space announced that the U.S. would hold an International Workshop
on Earth Resources Survey Systems. This workshop has been organized to describe
the Earth Resources Survey Program of the U.S,, its content, techniques and results
to date, and its future plans. The potential contribution of remote sensing data to the
solution of resource problems and the experimental material which is expected to
become available to other countries are also discussed. The workshop also provided a
forum in which other countries described their own related programs.

This volume of the proceedings contains the speeches and papers presented during
the sessions of the first week of the workshop (May 3-7, 1971).

At the request of delegates attending the second week of the workshop, color trans-
parencies (35 mm) of all of the lecture slides for both the first and second weeks are
being furnished to the heads of the delegations of each country represented at the
workshop. Therefore, this volume of the proceedings is printed with black-and-white
illustrations similar to Volume 2.
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Chairman’s Introduction

HoMmER E. NEWELL

Associate Administrator
National Aeronautics and Space Administration

Our purpose here is to bring together in one spot,
for a period long enough to be meaningful, some ex-
perts in the new remote sensing technology that is
being developed and some of those throughout the
world who are interested in the application of this
technology to the direct benefit of humanity. The
latter category includes both technicians and those
in the various countries who may be responsible for
planning, programing, and funding remote sensing
projects. We hope to achieve a practical exchange
of information in order to establish a basis for
further development and application of this promis-
ing new technology in the developing and developed
countries alike. :

During the course of the workshop, you will hear
about the application of remote sensing to resource
problems. You will hear about the U.S. Earth Re-
sources Technology Satellites, which will be referred
to as ERTS-A and ERTS-B, and the Earth Resources
Experiment Package (EREP), which the National
Aeronautics and Space Administration (NASA)
expects to launch starting in 1972. You will also
hear about aircraft remote sensing systems, the
ground data handling systems which are a very im-
portant element of the overall effort, and the essen-
tial ground survey activities. It will indeed be a
considerable task to cover all this material in a two-
week period.

The afternoon session on Wednesday, May 5, will
be devoted to sessions on the economic bases for
making decisions to invest in resource surveys and
on cost benefit analyses and decision models. On
Thursday, representatives of six other nations will
describe their remote sensing programs. On Satur-

Preceding Page Blank

day morning, you will have an opportunity to visit
the remote sensing aircraft of NASA and those of
the University of Michigan at the Willow Run
Airport.

I would like to call your attention to the fact that
the University of Michigan is sponsoring the Seventh
International Symposium on Remote Sensing of the
Environment from May 17 to 21, immediately fol-
lowing the workshop. The symposium will be held in
this same auditorium. The workshop and the sym.
posium are complementary in that papers will be
presented at the symposium on the latest research
results by scientists participating in the program.
We encourage all those who can remain to attend
the symposium.

During the first week of the workshop, there will
be simultaneous interpretation into French and
Spanish. As indicated in the announcement for the
workshop, we will not be able to do this for the
second week, since there will be no plenary sessions
such as this. Instead, the delegates will divide into
small workshop sessions to work on the application
of remote sensing data to specific resource problems.

You may be interested in knowing what countries
and international organizations have sent repre-
sentatives here to the workshop. The list of partici-
pants shows that 39 countries and 15 international
organizations have responded to the invitation to
send representatives. This gives a total of 54 coun-
tries and international organizations. I understand
that about 350 persons have indicated their intention
to attend. A complete list of registrants will be avail-
able by the middle of the week. We hope you will
all enjoy and profit from this workshop.
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We are very pleased to have with us today Repre-
sentative Larry Winn of the House Committee on
Science and Astronautics of the U.S. Congress.

It is my pleasure now to introduce the United
States Ambassador to the United Nations, the Hon-
orable George Bush, who will make the official
welcoming address on behalf of the United States.
Ambassador Bush has had an extensive career in
business, which has taken him to countries all
around the world. He served in the U.S. Congress

as Representative from Texas and, there, was a
member of the House Ways and Means Committee.
This background gives Ambassador Bush an un-
usual understanding of the importance of the sub-
ject of this conference. In addition, from his
position as Ambassador of the United Nations,
Ambassador Bush has a special concern with the
international aspects of the subject. I am pleased to
present Ambassador George Bush to make our of-
ficial welcoming address.

PARTICIPANTS IN INTERNATIONAL WORKSHOP

Countries (39):

Argentina India Philippines
Australia Indonesia Portugal
Belgium Iran South Africa
Bolivia Israel Spain

Brazil Italy Sudan
Canada Jamaica Sweden
Chile Japan Switzerland
Colombia Lybia Thailand
Finland Mexico Turkey
France Netherlands Uganda
Germany Pakistan United Kingdom
Ghana Panama Venezuela
Greece Peru USSR

International Organizations (15):

United Nations

UNESCO (UN Educational, Scientific and Cul-

tural Organization)

ITU (International Telecommunications Union) .
FAO (Food and Agriculture Organization)
ECAFE (Economic Commission for Asia and the

Far East)

ECLA (Economic Commission for Latin America)
WMO (World Meteorological Organization)

Asian Development Bank

ESRO (European Space Research Organization)
COSPAR (Committee on Space Research)

OAS (Organization of American States)

PAIGH (Pan American Institute of Geography

and History)

PAHO (Pan American Health Organization)
IBRD (International Bank for Reconstruction and

Development)
Euvratom

Total: 54



Welcoming Address

GEORGE BusH

United States Ambassador to the United Nations

First of all, I would like to read the following
message from President Nixon to this international
workshop:

“It was nearly two years ago that the television
cameras of Apollo 11 gave us all the opportunity
to share in the adventure of man’s first step on the
Moon. Two months later, in September of 1969, 1
confirmed to the General Assembly of the United
Nations that the United States would continue to
share with the world community both the adven-
tures and benefits of space research, including those
of the Earth Resources Satellite program. I greet
you today with the wish that this International
Workshop on Earth Resources Survey Systems will
help this néw technology come into its own in the
service of mankind.”

I suppose nothing could underscore the impor-
tance with which the entire United States Govern-
ment views this workshop more than that message
from President Nixon. The complexity, the promise,
and the hope of this new technology are further
dramatized by the unprecedented sponsorship of
this gathering by United States departments and
agencies with interests as diverse as the National
Aeronautics and Space Administration and the De-
partments of the Navy, Agriculture, Interior, Com-
merce, the Agency for International Development
and, of course, the State Department.

This workshop is here to talk about a very special,
exciting, challenging, and as yet experimental tech-
nology which offers brilliant promise for virtually
all mankind. It is of real and symbolic importance
that with us today and participating in the first
week of this workshop we have some 30 members
of the United Nations Panel on Remote Sensing

Systems for Earth Resources Survey. The presence
of this group, along with all of our workshop par-
ticipants from nations around the world and from
international organizations and United Nations
Specialized Agencies, is a manifestation of Presi-
dent Nixon’s pledge to share the benefits of space
in the service of mankind.

As many of you probably know, I am pretty new
at this job, but I already know all too well how often
the United Nations is criticized here in the United
States and elsewhere for being unable or unwilling
to solve all the problems that beset our troubled
planet. It is a pleasure, then, to speak on a topic
which has been a concern of the United Nations for
more than a decade and which, by and large, has
been an area marked from the beginning by inter-

* national cooperation. The UN panel here with us

today is but one of several invited to visit countries
which have programs to apply space technology to
economic and social problems in search of practical
solutions. These panels will report their findings
back to individual UN member states and specialized
agencies.

It is important to note that, when we speak of
applying space technology to practical problems, we
are not speaking just of the transfer of technology
or information from an advanced space power such
as the United States. Other countries have invited
UN panels to come and observe their experiments
and their programs. These countries include Brazil
and India. Thus we see early but hopeful signs that
many countries, regardless of their overall state of
economic or technological development, are prepared
to share their own experience with others seeking
assistance.
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Basically, of course, space technology is a global
tool, and for a global tool to be used productively
and efficiently there must be a climate of interna-
tional cooperation. We are not doing badly. Satel-
lites now speed telephone, radio, and television
communications around the world in moments. More
than 70 countries have Automatic Picture Trans-
mission (APT) sets to receive data directly from
weather satellites. In the not-too-distant future we
should see the first experimental educational satel-
lite placed in orbit. As our technology.improves,
our applications of satellites should become in-
creasingly diverse and the process of development
should accelerate.

One of the roles which this workshop and the
United Nations panel can help play is to provide
policy makers and program managers in developing
countries with the basic information to enable them
to consider seriously how this new technology may
help them meet their needs. Starting with the Con-
ference on the Applications of Space Technology in
Vienna in 1968, the United Nations, through the
Committee on the Peaceful Uses of Outer Space,
has been increasingly concerned with this problem.

I am proud of the role which my own govern-
ment has played in the Outer Space Committee it-
self and in supporting the various efforts within
the United Nations to speed the exchange of infor-
mation and find more and increasingly varied ap-
plications of space technology for the benefit of all.
To this end, President Nixon, a little over a year
ago, included in his statement of objectives of the
U.S. Space Program, hastening and expanding the
practical applications of space technology, working
to reduce the cost of that technology and thus to
make it increasingly accessible and useful to all
countries, and, of course, as is evident by our meet-
ing today, encouraging greater international co-
opera/tion in space.

The UN has been an important element in ful-
filling U.S. objectives to expand our cooperation in

space activities. Through the UN and bilateral con-.

tacts we solicited proposals for participating in
experiments connected with the Earth Resources
Technology Satellites. You might be interested to
know that 26 countries have submitted some 60
proposals for participation. In January 1970 mem-

bers of the outer space committee and key UN
Secretariat officials were briefed on the Earth re-
sources program at the Manned Spacecraft Center
in my hometown, Houston, Texas. We also have
submitted a detailed working paper on Earth re-
sources to the Scientific and Technical Subcom-
mittee of the Outer Space Committee. Finally, in
conjunction with the UN, we are establishing a
fellowship program to provide training for special-
ists in selected fields relating to the application of
space technology.

When President Nixon spoke to the General
Assembly in 1969, he said, “I feel it is only right
that we should share both the adventures and the
benefits of space.” Well, man has shared many of
the adventures of space. A little noticed phrase in
the two treaties pertaining to outer space which
have emerged from the United Nations refers to
those who venture into the void as “the envoys of
mankind.” That is not only an elegant phrase, it is
a poignant and magnificent statement of the com-
plex of emotions ranging from pride through fear
and awe and humility which I think all of us have
felt whenever we have known that one of our fellow
men was circling this planet or looking down on or
walking on the Moon. But sharing the benefits of
space can also be an adventure, and that is what
this meeting is all about. We are here embarking
on a voyage on which each of us is also an envoy
of mankind. And with luck, diligence, and a con-
tinued sense of sharing and cooperation we will all
live to see the day on which this faint glimmer of
technological promise becomes a sunburst of ful-
fillment which will improve beyond man’s wildest
dreams the quality of his life and the quantity of
what he needs to sustain and improve his life.

I'm afraid 'm a layman in this field of tech-
nology, but that makes me no less concerned about
the future of meetings such as this one, the efforts
of the UN Outer Space Committee, and the myriad
programs for sharing and transferring technology of
all types among the nations of our world. From my
new vantage point at the United States Mission to
the United Nations, I will enthusiastically assist in
every way I can in the fulfillment of the pledge
which my Government has made to make available
for mankind the benefits of this exciting technology.




The Earth From Space

WiLLiAM A. ANDERS

Executive Secretary
National Aeronautics and Space Council

I am pleased to be with you today as part of your
workshop and to have a chance to speak to you
about this very important program on which you
are embarking. Ambassador Bush and I are from
the same hometown, Houston, Texas; and 1 can
remember not too long ago when many of us, many
of you here in this room, went to Houston to view
the very interesting and developing capabilities in
Earth resources survey.

I believe that the purposes which have brought us
all here together are ones which reflect the highest
qualities of human endeavor. Taking a broad view
of the goals of this meeting, we are attempting to
learn how to use the most advanced products of
man’s intelligence and coordinated effort—that is,
aerospace technology—to solve some of the many
problems that face society and our planet.

I am happy to be here, however, not only because
I strongly support the purposes of this workshop,
but also because I believe that I have a few obser-
vations -to make to you which are pertinent to its
subject, the Earth Resources Survey Program. My
views on this program have developed partially as
a result of the position I now hold in Washington
but more particularly because of my former career
as an American astronaut.

The Earth Resources Survey Program is one of
the key elements of the United States space program
of the 70’s. I firmly believe that the full purpose of
this program can be achieved only if it is carried
out not just as an American program but as a joint
international enterprise, with early and active par-
ticipation by all interested nations. This participa-
tion must include defining the program, interpreting

the data it produces, and applying the results and
information to the needs of your own people.

My experiences during the Apollo program left
some strong and lasting impressions upon me, im-
pressions which are related directly to my views on
the importance of Earth resource survey. I was
fortunate to be one of the first three, as Ambassador
Bush and our President said, “envoys of mankind.”
To leave the influence of our home planet and view
our Earth from afar, to make the voyage from
Earth to the Moon and back is an experience which
profoundly influences all those who have undergone
it; and I am no exception.

The Moon is a very interesting place scientifically,
a very important place, one where we are learning
not only about our nearest neighbor in the universe,
but also about the origin and structure of our home
planet. But, although the Moon is very impressive,
the most impressive sight for me on that flight was
the view of the Earth itself. From the Moon, the
Earth appeared as a small, blué-green sphere, like
a beautiful, fragile Christmas tree ornament I could
cover with my thumb by holding it out at arm’s
length—very delicate and limited, the only color
in the whole universe, the only friendly place we
could see. Certainly the ancestral home of mankind
did not appear vast, unlimited, and indestructible
as we often see it when groping here on its surface.
It seemed much more like the delicate and fragile
Christmas tree ornament that you must learn to
preserve and protect with appropriate care. ’

Looking back, I saw no national boundaries, no
dividing up of the Earth into separate States, each
with a different color, as you see on a globe in a

7
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school classroom, a globe divided on the surface by
man but obviously not by nature when viewed from
this perspective. I saw instead a small but inviting
oasis in the vast blackness of space. Perhaps the
American poet and playwright Archibald MacLeish
best summed up the feeling I had when viewing the
home planet from nearly a quarter of a million miles
away when he wrote of seeing “the Earth as it
truly is, small and blue and beautiful in that eternal
silence where it floats,” a view which leads us “to
see ourselves as riders on the Earth together. . . .”

I believe that historians will record that one of
the most profound impacts of man’s exploration of
outer space is the change it is producing in the way
we think about the planet on which we live. Ap-
parently we’ve had to leave this planet, either in
reality as I did or vicariously through television
and photographs, to see the Earth as it really is, as
a whole: a single, small, fragile outpost in the uni-
verse in which billions of human beings have a
stake. In this sense, the true physical unity of our
spaceship Earth may be the most lasting impression
resulting from our trips to space. It’s the impres-
sion that I want most to reinforce with you this
morning as you begin your very important work.
If the planet is indeed an interrelated whole, then
effective use and conservation of its finite resources
can best be achieved by a global approach, an ap-
proach which obviously must have international
participation.

The program we’ve gathered here to discuss, the
Earth Resources Survey Program, is a mieans of
obtaining that overall view of the Earth’s land,
water, and air masses. Such a view is essential if
we're going to develop means of successfully man-
aging these resources for the benefit of all mankind.
It seems to me that the Earth Resources Survey
Program will provide much of the information that
we need to help achieve the delicate balance between
the efficient use of the Earth’s potentials and their
misuse. Without such a program, we would be
forced to make resource decisions in the future as
we too often have had to do in the past—without
adequate knowledge or assessment of the overall
implications. Wrong decisions or poor decisions

due to inadequate data will affect not only the

perpetrator but others elsewhere as well. The value
of the resources of our planet and their hushanding

are not a narrow or even a national concern, but
are truly global in extent.

In one sense our major space enterprise of the
60’s, Project Apollo, was a direct response to a
challenge presented in 1958. The Soviet Union, the
Sputnik, gave us something really to work toward.
Though the NASA program grew and received na-
tional support as a reaction to the first Sputnik, the
direction and intensity of the effort were determined
by a particular aspect or facet of the American
spirit. Not that this fact is surprising, for every
country stamps the shape of its undertakings with
the spirit of its people. In the United States, the
dominant spirit has been one of exploration and the
pioneering of new frontiers. This spirit is due, many
say, to the fresh memories of the opening up of our
own country. Moving into new lands and helping
and sharing with one’s neighbors are really part of
the American heritage. Our pioneering urge, when
applied to space, has taken us onto two roads. One
is scientific and encompasses astronomy, planetary
observations, solar physics, and the like; the other,
and by far the larger undertaking, was lifting man
into space to test his abilities and endurance, to use
his intelligence and discretion and, finally, to send
him to an unknown and strange place, where, in the
tradition of other explorers, he brought the foot-
print of man and the eye of a trained observer.

Now what about the United States space pro-
gram of the 70’s? How will it differ from what
went before? How does the pioneering urge of the
American fit into the space challenge of the decade
before us? For one thing, international space com-
petition, while real, is no longer the driving force
influencing our policy as it once was. We no longer
have to demonstrate our capability to operate in all
regions of space; that has been done—and con-
vincingly. We now have to decide how to employ
that capability and still combine new challenge and
immediate benefits—not just for our country but for
all men on Earth.

One of the most influential factors in our current
space policy is the remarkable discovery, which was
very clear to me on my Apollo mission, that the
most interesting thing to explore in space is not
the Moon, or Mars, or some far off galaxy, but our
own planet. Accordingly, our plan for the 70’s is to
develop a balanced United States space program,
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one aimed at three objectives: the basic drive of
America toward continued exploration, a continued
acquisition of new scientific knowledge, and an in-
crease in the practical benefits to mankind. It seems
to me that the Earth Resources Survey Program
embodies all of these objectives. I believe it will be
one of our most important and. stimulating under-
takings in space in the coming years.

The Earth Resources Survey Program will employ
the best of the capabilities we have developed. Not
only will we launch an unmanned Earth resource
survey satellite next year, but astronaut crews on a
Skylab space station will, as an important part of
their activities, conduct a series of experiments
aimed at assessing the particular contributions man
can make in conducting resource surveys from space.
Hopefully we can have international crews of sci-

" entists working on such projects in the future. The
benefits of an Earth resource program, most agree,
are likely to be tangible, large, and broadly relevant.
Not only will the program have tangible benefits,
but it will also have strong elements of global scope
and exciting challenge to energize our best efforts.
This program should not, indeed cannot, be only
an American undertaking, however. The maximum
benefits of the program will be obtained only if
surveys are conducted and results used on a global
basis. Our President and those who are planning the
United States program are well aware of this reality.
This workshop is only one manifestation of this
fact. I think our policy on this quest has been
farsighted and well articulated.

President Nixon has recognized that our space
program should not be based on unilateral U.S.
action. He has pledged to increase international
participation in our space efforts and, particularly
and immediately, in Earth resource survey. The
President told the United Nations in 1969, as Am-
bassador Bush indicated, that this program will be
dedicated to producing information not only for
the United States but for the world community ; and
that’s why we meet here today.

In a sense, we view the United States Earth Re-
sources Survey Program as an offer to the rest of
the world, an offer of the most advanced of our
developments to he used for the most crucial of
needs. But we cannot, by ourselves, design or carry
out such a program. We cannot know in precise de-
tail the needs of each country in the world, nor

can we know how to interpret the data we gather in
order to make it most useful in meeting those needs.
These are difficult tasks that require the cooperation
of all those interested in a joint endeavor, which this
technological capability makes possible.

It would not be realistic to talk to you this morn-
ing only of the promise of the Earth Resources
Survey Program without also talking about some of
the present limitations on obtaining very immediate
large-scale benefits from it. I'm sure you’ll be cau-’
tioned at this workshop about the experimental
nature of the current United States Earth resource
survey effort. I shall not dwell upon this point, but
you must be aware that we are just at the start of
something which will have some short-term benefits
but will have immeasurably more benefits and ap-
plications in the second half of this decade and be-
yond, as we move from experimental to operational
stages. Of course, we must learn to work together
now 1if this forecast is to be true. This workshop, I
hope, will provide the forum in which we can gain
both a realistic appreciation of the potential bene-
fits of the Earth resource program and an assess-
ment of what is needed to translate this potential
into a reality. In closing, let me say that there is, at
least in my mind, a steady progression from the
views of our planet brought back by those of us who
have left its friendly vicinity and were able to ob-
serve its uniqueness from a new perspective, to the
concept of surveying the Earth’s resources from
space. This progression is one which can result in
significant benefits for all men if we learn to live and
work together. I'm proud that my mission, Apollo
8, was a link in this progression.

I would like to close my remarks with a com-
ment made by Richard Nixon, then President-elect,
at the end of the Apollo 8 mission, when he said:
“In that moment of surpassing technological tri-
umph, men turn their thoughts toward home and
humanity, seeing in that far perspective that man’s
destiny on Earth is not divisible, telling us that,
however far we reach into the cosmos, our destiny
lies not in the stars but on the Earth itself, in our
own hands and in our own hearts.” By working to-
gether with a new awareness of our planet and of
ourselves, by using the new tools now at our dis-
posal, we can make this planet truly a beautiful place
to live for all mankind, as it appeared to me from
Apollo 8 on Christmas of 1968.



A Lofty View of the World Around Us

W. T. PEcora

Director
U.S. Geological Survey

Somewhere in the distant ages of prehistoric time,
primitive man sensed the importance of communica-
tion, developed a rudimentary technology, and
learned to cooperate with his fellow men in solving
problems. This enlightenment made it possible for
humans collectively to cope with the great adversities
that otherwise might have overwhelmed them.

The discovery that fire could be made at will, the
development of primitive agrarian cultures, and the
construction of dwellings in the interest of pro-
tection and efficiency stand as typical milestones in
man’s steady upward climb to the technical societies
of today. Looking backward in time, one can see
that we have populated the entire planet in the
short span of a few thousand years; we have ex-
plored its heights and depths to a considerable
degree; and we even have walked on another world.

Now, as we marvel at these remarkable accom-
plishments, we are faced with the sobering realiza-
tion that the world in which we live is finite. Indeed,
it is a solar island from which there is no per-
manent escape, whatever our aspirations or illusions
may be. The lives we hope to lead must be lived
here, within the limits of the Earth’s surface and
within the limits of its natural resources.

MAPPING

How well do we know the surface of the Earth?
The answer is: “Not well enough!” A fair measure
of man’s knowledge is in the number, kinds, and
accuracy of the maps he makes. How well are we
doing with mapping? A recent U.N. study shows
that only about 6 percent of the land surface of the

Preceding Page Blank

world is covered by topographic maps at a scale of
1:60 000 or larger.

Maps are needed now more than ever to main-
tain a current reliable inventory of the physical
factors that affect the air we breathe, the water we
drink, the lands and forests we cultivate, the min-
eral resources we mine, the industries we operate,
the arteries we use for transportation and com-
munication, and the communities we live in. Without
maps upon which to inventory  the nature, content,
and use of the Earth’s surface, our efforts to use the
environment effectively for the benefit of all man-
kind are severely handicapped.

HUMAN NEEDS

Assessment of human needs is vastly different
today than it was in primitive cultures when the
energy requirement of each person was only 0.36
megajoule per day. Today’s highly industrial socie-
ties expend 100 times this amount of energy per
person in providing the supplies, facilities, and
services to which we have grown accustomed. Only
a century and a half ago man was concerned with
obtaining fewer than a score of chemical elements
to survive and to support his industries. Today he
must locate mineral sources for more than 80
chemical elements just to maintain a modern way
of life.

Coupled with these spiraling energy and mineral
requirements is the hard fact that the number of
people who hope for the better living standards is
growing day by day. To put this trend in perspec:
tive, the world’s population of 3.5 billion now is

11
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increasing at a rate which is expected to double the
number of people every 35 years, and there is some
evidence that this rate may double in certain parts
of the world before the turn of the century. The
present rate of expansion produces a new increment
of population equal to that of Ann Arbor, Michigan,
in a half day, and will yield a world population of
30 billions of people within a century.

MINERALS

In much of the world, the rate of energy con-
sumption is growing twice as rapidly as the popula-
tion. This additional energy is being consumed in
processing the ever-increasing quantities of raw
materials needed, to accommodate demands which
undoubtedly will continue to grow, even if the
population is stabilized or its growth rate is reversed.
In the United States alone, the demand for primary
ore minerals is expected to expand fourfold by the
turn of the century. This will mean, for example,
that we must produce 7.5 billion tons of iron ore,
1.5 billion tons of aluminum ore, 1 billion tons of
phosphate ore, and 100 000 tons of copper metal by
the year 2000. Incorporated in this growth will be
the need for a long list of mineral “vitamins,” such
as cobalt, tungsten, vanadium, and mercury, which
are in short supply and widely scattered over the
Earth’s surface.

One could relate similar statistics for the needs of
people throughout the world. The difficulty in meet-
ing them will be compounded by the fact that only
a fraction of one percent of the Earth’s surface
yields readily available high-grade ore, most of the
mineral wealth being hidden beneath the surface
and not readily detectable. Furthermore, the dif-
ficulty and cost of locating and producing the
minerals we need will continue to increase as the
grade of the ore decreases.

WATER

Water is an exceptionally critical resource that
must be reckoned with in the days to come. Not
only must water serve as a raw material, a process
fluid, and a waste carrier for our industries, but it
must also sustain agricultural operations on which
we depend for food supplies. Water also plays a
significant role in our transportation and recrea-
tional activities.

It is troublesome that much of the water on this
planet is not in the right place, or of the proper
quality, for the use we would like to make of it.
Characteristically, civilizations have searched out
and clustered around the best available water sup-
plies. As growing numbers pressure us to occupy
less favorable semiarid regions and desert areas,
better exploratory systems must be devised for
locating whatever water resources are available and
for monitoring undesirable effects on the waters
we use.

Projections of water needs in this country illus-
trate the importance of obtaining more and better
water data. Ten years ago, per capita water use was
about 1500 gallons per day. By the year 2000, with
a probable population of about 350 million, each
person will in effect be using 2500 gallons instead
of 1500 gallons per day. The product of these trends
could result in our using as much as 75 percent of
the total average runoff from the Nation’s rivers.
And the problem is further compounded by the
clustering of people into huge megalopolitan areas.

Intense exploration with sophisticated techniques
will be required to seek out every substantial under-
ground water reserve which might help meet this
growing demand, and much better systems of sur-

. veillance will be needed to insure that adequate

standards of quality are maintained.

FOOD

The task of supplying food for increasing num-
bers of people .involves several important subor-
dinate steps. We must first seek out the productive
lands and then guide human use in a manner that
will preserve as much agricultural productivity as
possible. The Earth’s environment then should be
monitored for clues to troublesome effects of exotic
nutrients and pest controls, and for sounding the
alarm on troublesome reactions to the activities of
man, such as the encroachment of salt water into
soils.

The ability of future populations to survive on
the planet will depend in large part on the effective-
ness with which such information can be gathered.
As pointed out by Ellsaesser in the March 1971
issue of EOS Transactions of the American Geo-
physical Union, one can find estimates that an
eightfold increase in current agricultural production
is the maximum we can expect. This assumes a




doubling of the Earth’s agricultural land area and
a fourfold increase in its productivity. Because this
marked increase will be needed simply to keep pace
with the population growth expected by 1975, it is
obvious that the need for better land-use inven-
tories and crop surveillance systems is a critical one.

PLANNING

As people cover more and more of the Earth’s
surface, it will not be enough to seek out the mineral
resources needed to sustain them, or even to supply
them with adequate amounts of food and water. It
also will be necessary to keep close watch on urban
growth and to warn in advance of patterns which
may have undesirable consequences. The watchful
eye of the land-use planner must insure, as far as
practicable, that urban growth does not create im-
possible water supply problems; that urban ex-
pansion does not preempt important agricultural
land and mineral deposits, nor defile natural won-
ders; that urban development does not set the stage
for natural disasters such as landslides, earthquakes,
and floods; and that urban sprawl does not create
unnecessarily troublesome transportation, communi-
cation, or pollution problems.

There is little doubt that the present urban growth
rate is outdistancing the periodic censuses and the
conventional explorations of Earth resources which
have guided urban development in the past. Modern
planners and managers are clamoring for more
timely environmental data and better interpretation
of it in terms of the decisions they must make.

NEW TOOLS

The ability to devise and use new tools has been
a basic element in the uniqueness of man from the
very beginning. As we look to the many problems
of the future, it is logical to ask what tools will be
needed to do the job. Will the present ones suffice,
or must we devise more sophisticated ones to sup-
plement our present capability? When the Earth’s
resources were relatively abundant in comparison
with human needs, the conventional techniques of
prospecting served us well. No tool of the future is
likely to replace them completely, as far as final
confirmation and critical evaluation are concerned.
But it is clear that they must be augmented by new
and more efficient methods to meet the needs of
the future.
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REMOTE SENSING

Necessity during the last quarter century has

" mothered the invention of a variety of first-genera-

tion remote sensing systems for rapid scanning of
the Earth’s features and resources. These systems
have served as excellent supplements to conventional
investigations. Modern photographic and photo-
grammetric techniques for precise surface mapping,
magnetic and gravity surveys of hidden Earth
structures, electric logging of exploratory drill
holes, and special airborne sensors, such as the
mercury analyzer, are all products of this first effort
to provide more and better information in less time
about the Earth on which we live.

The early successes in remote sensing have en-
couraged the search for new tools which lend them-
selves to more lofty viewpoints, wider coverage,
and faster monitoring. Satellite programs of the
past decade provided vehicles for such systems and
set the stage for the entrance of a new generation
of sensors. When Earth resource satellite systems
now on the drawing board are perfected, man will
be able to scan a wide swath of the Earth’s surface
with a great variety of sensing devices and within a
very short time frame. Such scanning will provide a
new and useful perspective of the Earth, one which
will allow us to stand back and examine pertinent
features of the whole picture instead of its minute
details. For the first time, we will be able to study
the forest instead of the trees.

SATELLITES

A particular advantage of satellite observations
is that they can be repeated frequently enough un-
der identical lighting conditions to yield a record
free of the aberrations which have troubled con-
ventional aerial studies. Gross geologic structures,
evidence of health or sickness in forests and food
crops, soil types, land-use patterns, telltale marks of
oil seeps, evidence of ground water, pollution scars
on the environment, and trends in urban sprawl are
features that we will eventually be able to spot from
a lofty platform.

When fully developed, an Earth resources satellite
system could provide a continuing inventory of sur-
face waters and snow packs throughout the world,
provide useful information on the abundance or
deficiency of global food supplies, and keep a watch-
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ful eye on the weather which alternately favors or
threatens our present way of life. The uses which
might be made of such a system will be limited only
by the resourcefulness of the investigator.

The prospect of developing new remote sensing
tools embodied in the resource satellite system is an
exciting one, to be sure, but it would be foolish to
assume that development of maximum -capability
will be a quick or easy task. It would be equally
foolish to assume that remote sensing ever will re-
place traditional Earth survey techniques. Images
received from orbit, like those of the first electron
microscope, will present the investigator with new
and tantalizing information. They will present
relatively exotic pictures of the world in which we
live, pictures packed with hidden facts that must be
interpreted through intensive study. One can expect
that each new discovery of meaningful information
will suggest other uses which remote sensing can
serve.

COOPERATION

The task of developing the full potential of new
monitoring systems is not the responsibility of a
select group of scientists, nor of a particular nation.
It is the task of everyone with initiative, resource-
fulness, and a genuine interest in the world
around us. .

Each anniversary of an international cooperative

effort of this kind will see new and valuable tech-
nical information to report concerning accomplish-
ments in the Earth resources survey satellite
program. And there will be social benefits, as well,
that will evolve from a better understanding of
each other’s problems.

I am certain that this international workshop, the
first of its kind, will be immensely effective in deter-
mining how we can live in reasonable harmony on
the planet Earth. I want to congratulate those of the
National - Aeronautics and Space Administration as
well as those in the Department of Agriculture, the
Department of the Interior, the National Oceanic
and Atmospheric Administration of the Department
of Commerce, the Naval Oceanographic Office, the
Agency for International Development, and the De-
partment of State who have worked so hard to make
this workshop a reality.

In the next few days you will learn about the
numerous accomplishments that have already come
from Earth resource survey experimental programs.
You will hear about exciting plans for the future.
The launching of NASA’s ERTS satellite in March
1972 will mark the beginning of a new era of space
applications for the benefit of mankind. Collectively
we can maximize these benefits.

With this as our goal, the workshop will certainly
be a profitable and rewarding experience for all of
us. I wish you much success.




The Earth Resources Survey Program
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The possibility of surveying Earth resources from
orbital altitudes was recognized during the early
days of our space program, based on observations
from meteorological satellites and photography from
manned missions such as the Mercury and Gemini.
A couple of examples are shown in figures 1 and 2.
Before discussing the program, we shall define re-
mote sensing and a few of the terms that are
peculiar to this area of technology.

BASIS FOR MULTISPECTRAL
REMOTE SENSING

Remote sensing refers to an ability to sense or
detect electromagnetic radiation which emanates
from an object. Every object emits (radiates) and
reflects electromagnetic energy. We are most familiar
with light waves. Our eyes sense remotely the exist-
ence of, and permit identification of, objects because
these objects emit or reflect light waves, which are
a form of electromagnetic energy. We can identify
or interpret what we see remotely because our eyes
construct an image of the object. The object’s shape
and texture help tell us what it is. The color or
spectral content of the object’s emitted and re-
flected radiation also help us to identify the material
that we are looking at. A knowledge of these char-
acteristics usually permits a unique identification
of the object itself or at least the materials from
which the object is made.

Electromagnetic radiations can occur over a wide
range of frequencies or wavelengths. The human
eye responds to only a very small portion of the
electromatic spectrum, which includes wavelengths
much shorter and much longer than those of visible
light.

GULF STREAM
MARGIN

Ficure 1. Nimbus II high-resolution infrared imagery
clearly depicts the Gulf Stream. Temperature values
were determined by microdensitometer.

An imager is a device which, like the human eye,
produces a two-dimensional view of a scene being
observed. A camera is a type of imager. Another
type is described below.

A radiometer is a device which measures the
amount of electromagnetic energy emitted from a
given area of a scene. A radiometer that is sensitive
to a number of different frequencies and can record
the energy radiated at different frequencies by the
scene is called a spectrometer.

If one moves a radiometer or spectrometer (which
at any time sees only one spot) over the entire scene
and records the measurements while systematically
scanning the scene, one can construct an image of

15
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Ficure 2. Vertical view of the Florida Keys with the Everglades National Park and Cape Sable
visible at the top of the photograph. The shoal areas and underwater detail from Key Largo to
Boca Chica Key are seen in the center. The structure in the pattern of Sun glitter on the
water (whitish area) is partially due to slicks.

the scene. A device used in this way is called a
scanning radiometer, a scanning spectrometer, or
sometimes a scanner for short. A unique pattern of
frequencies or wavelengths radiated by an object is
called the spectral signature of the object.

There are a number of advantages to be gained by
utilizing various portions of the spectrum in addi-
tion to the visible. To begin with, some features
will appear clearly at one frequency, but will not be
discernible at another. Simultaneous images in

various spectral bands may be compared, making
it possible to discriminate between features or
phenomena which exhibit no apparent differences
in the visible range alone. Images from one spectral
region may also be combined with those from an-
other spectral region, and a single composite image
can thus be obtained representing an optimum “pic-
ture” for certain analytical purposes. This technique
is called multispectral sensing.

Secondly, new types of information not obtain-
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able from visible data can be provided; for example,
infrared sensors measure thermal emissions and
thus measure the temperature of an object. Since all
materials emit heat radiation at various intensities,
temperatures can be very important parameters for
certain studies; for example, monitoring volcanic
activity, water pollution, and ocean currents.

Finally, longer wavelengths such as microwaves
are not blocked by clouds, as is visible light; and,
like infrared, microwave sensors can be used at
night as well as during the day, providing con-
tinuous information around the clock. By contrast,
visual images are entirely dependent upon reflected
sunlight, or a substitute for ‘sunlight, and require
clear atmospheric conditions.

It is recognized, of course, that much remains to
be learned regarding the spectral signatures of
various features on the Earth’s surface. Energy ab-
sorption, emissivity, and reflectivity vary widely with
climate and weather, as well as with the seasons of
the year. A given object, therefore, may have a
spectral signature that varies with time.

Additional complexities are introduced by the fact
that the Earth’s atmosphere (itself a variable ab-
sorber, reflector, and scatterer of energy at different
wavelengths)
capability of certain spaceborne sensors to observe
features on the ground. Only those instruments will
be useful that sense in the particular spectral regions
where the atmospheric medium permits transmission
of energy from the Earth’s surface to the satellite at
least some of the time.

SENSOR SYSTEMS

Remote sensors are the devices employed in
spacecraft to detect and record the signatures of
objects on or under the Earth’s surface. Their proper
combination and operation can provide the spectral,
spatial, and temporal resolution needed to meet
Earth resources survey data requirements.

The sensors under investigation and being used
in the Earth Resources Survey Program include:

imposes severe limitations on the

® photographic film cameras
® television systems

® multispectral scanners

® thermal mapping scanners
® imaging radar systems

® microwave radiometers

The sensors selected for any Earth resources mis-
sion should be chosen on the basis of the precision
and sensitivity of the measurements required by the
user and the ability to fly these instruments properly
integrated with the spacecraft and its related sub-
systems. The problem regarding makeup of future
operational sensor payloads is therefore one of
judiciously selecting those instruments which will
meet mission requirements in terms of user needs
and cost considerations. The goal should be to collect
the correct type of data but only in the amount
necessary to solve the problem. To collect more data
than necessary would overtax any analytical cap-
ability; eventually we must depend upon automatic
processing of data.

THE NASA EARTH RESOURCES SURVEY
PROGRAM (ERSP)

The ERSP is a broad program which includes
laboratory and field experimentation and advanced
studies, combined with aircraft and spacecraft ob-
servations, to establish the requirements for future
experimental and operational systems. Specific pro-
gram objectives include:

1. Establishing the information requirements that
can be met with the new aerospace and instrumenta-
tion technology.

2. Developing a better understanding of the re-
flectance and radiation properties of biological and
physical materials in the laboratory and in the field,
and identifying the single or combined wavelengths
that yield consistent measurements as they are
acquired from progressively higher altitudes and
from space.

3. Establishing a sensor-signature data bank
based on an understanding of the modifying effects
of the atmosphere as a function of Sun angle and
look angle, as well as atmospheric constituents.

4. Developing sensor systems and data-processing
methods that meet the needs of the resource sci-
entist and manager.

5. Determining the complementary roles of space-
craft, aircraft, and ground platforms, and develop-
ing the technology required for future operational
systems.

6. Developing, in concert with the user agencies,
the ecological models necessary for understanding
natural and man-caused events and forecasting their,
consequences.
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It is obvious that in order to accomplish these
objectives we need not only the physical scientist
and engineer who can build space and aircraft in-
struments and platforms, but also the active par-
ticipation of the user agencies (DoA, DoC, Dol,
and Navy) as well as academic institutions and
industrial organizations.

The R&D program is intended to maintain the
flexibility to test promising competitive approaches
and avoid irrevocable commitments that might cause
expensive errors in these systems. The goal is to
provide decision makers with the information they
need for making long-term commitments.

The ERSP focuses on developing the understand-
ing and expertise required for the use of remote
sensing in the agencies and institutions charged with
natural resources and environmental responsibilities
and, through them, ultimate service to the public
at large.

The various elements and their time-phasing in
the ERSP are shown in figure 3. The early contri-
butions of the ATS and Nimbus satellites, as well
as the Gemini and Apollo manned programs, are
included. The important Apollo 9 SO65 experiment
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Ficure 3. Schedule for Earth Resources Survey Program.

was the first dedicated multispectral photographic
experiment from space; it is discussed later in this
paper. The sustaining efforts in the aircraft program
and in the supporting research and technology
program are also included, along with the forth-
coming ERTS-A and B and Earth Resources Ex-
periment Package (EREP) missions.

From the beginning of the program, the ultimate
users recognized the need to determine, by the

processes of interdisciplinary research, whether in
fact sensor technology would eventually meet opera-
tional requirements. It was also recognized that it
was essential to develop the capability of utilizing
the technology, which of course is the ultimate goal
of applied research.

THE ROLES OF SPACECRAFT, AIRCRAFT,
AND GROUND OBSERVATIONS

Four principal innovative features characterize

the ERSP to date:

1. A spacecraft platform from which to obtain
synoptic, repetitive viewing of the Earth’s surface.

2. More precise quantitative techniques for multi-
spectral measurement (from either spacecraft or
aircraft) of electromagnetic radiation reflected and
emitted from Earth surface features.

3. Techniques for automatically extracting. in-
formation from remote sensing data.

4. Decision-oriented resource and environmental
models that can make effective use of remote sen-
sing data.

It is clear that any future operational system will
depend on a combination of spacecraft, aircraft, and
ground systems, which must be complementary
rather than competitive, for both technical and
economic reasons. For example, no one would deny
the advantages of aircraft in gathering some types
of high-resolution data over limited geographical
areas or for statistically sampling those data re-
quiring high resolution. High-resolution data gather-
ing over extended regions may saturate any data-
handling system, and should be avoided if at all
possible.

From a purely technological standpoint, there are
important reasons for utilizing the space platform.
One concerns the effect of illumination angle on
data gathering in the visible part of the spectrum,
as shown by the mosaic of aerial photographs in
figure 4. The individual pictures making up this
mosaic were taken with the same camera and the
same aircraft, at the same altitude, and processed
with the same developing materials. The only
change was time, and consequently solar illumina-
tion angle; the flicht lines were made about three
hours apart. While the terrain is known from
ground truth to be essentially identical within each
of the areas defined by the dashed lines, changing
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Sun angle makes the terrain look quite different.
With Sun-synchronous satellite coverage, this prob-
lem would disappear. Like areas would look alike,
both in spectral content and texture. This is ob-
viously a significant advantage for terrain classifica-
tion and thematic mapping—basic elements in all
Earth science and important in applications to re-
source management.

Since analysis of the data for, say, thematic map-
ping represents a larger task, both technologically
and economically, than gathering the data, the ques-
tion of the presence or absence of geometric dis-
tortion in the basic data is very important. For
many purposes imagery obtained vertically from
altitudes of 13 kilometers or more above the Earth
can be considered orthographic—that is, without
rectilinear distortion. This fact tends to favor the
use of spacecraft rather than aircraft for some
applications.

For example, figure 5 shows a straight power
line as it appears near the edge of a conventional
aerial photograph and as it actually appears from
directly overhead (lower image). There are two
ways to map that power line properly. One is to
apply to the upper off-axis view a complicated photo-

| l . ,___T : |} l

FIGURE 4. Apparent terrain differences in photomosaics may not represent actual differences.
(Arrows show direction of flight.)

grammetric process to rectify the image, costing
about $60 per image, and the other is to get farther
away from the subject and obtain the narrow-angle
view from space (above 130 km), where proper
spatial relationships are better registered within the
image. For this reason, properly acquired space
data can give an “instant map,” while aircraft data
usually retain distortions that must be laboriously
removed.

NEAR-VERTICAL PERSPECTIVE-ANGLE VI EW'

Ficure 5. The effects of perspective angle on relief dis-,
placement.
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Taking into account the desirability of maintain-
ing constant solar illumination angle and orthog-
raphy, and of not overloading data systems with
unnecessary inputs, it is believed that the economic
and technical advantages of a spacecraft’s con-
tribution to surveys of areas approaching the size
of the U.S. are significant.

The complementary role of aircraft and space-
craft in a broad class of inventory problems has
been demonstrated. As an example, notable work
has been done by the U.S. Forest Service in the ap-
plication of Apollo 9 spacecraft photographs, to-
gether with concurrent aircraft and ground data, to
a practical, operational problem of timber inventory.
A brief summary of the conclusions will demonstrate
the strength of such coordinated spacecraft, air-
craft, and ground survey efforts.

The inventory of 20 000 square kilometers demon-
strated a reduction in error in the timber-volume
estimate from 31 to 13 percent, due directly to use
of space imagery. If the error were held at 31
percent, the savings could be reflected directly in
aircraft-hours and manhours required to complete
the inventory with a fixed expected error. It has
been estimated that use of the Apollo 9 photography
could reduce the required aircraft and ground data
gathering effort by a factor of six.

This statistical multistage (coordinated space-
craft, aircraft, and ground observations) technique
is applicable to a broad class of Earth resources
inventory problems.

This multistage approach is also necessary in our
research program, as illustrated in figure 6. We in-
clude theoretical analysis, laboratory experimenta-
tion, field measurements of selected ground targets,
measurements from aircraft at increasing altitudes,
and finally, measurements from spacecraft at or-
bital altitudes. All of these concurrent approaches
are essential to ensure a sound R&D program as well
as to indicate the appropriate roles of spacecraft,
aircraft, and ground-based observations in future
operational systems.

THE AIRCRAFT PROGRAM

The NASA Earth Resources Aircraft Program
*(ERAP) is illustrated in figure 7. To date, this
program has produced most of the experimental
data used by resource scientists in defining and
"developing remote-sensor systems for aircraft and
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Ficure 6. Continuing development of remote sensor tech-
niques.

spacecraft, and in determining the specific roles of
spacecraft, aircraft, and ground systems in future
operations.

The aircraft is a highly adaptable test platform
for determining the performance and usefulness of
sensors under development. Instead of waiting for
data acquired from spacecraft, users are presently
obtaining multispectral data of Earth phenomena
from sensors carried by NASA aircraft. These data
are used to evaluate the sensors and to develop a
solid foundation for observational and interpretive
techniques for Earth resources space missions.

The ERAP currently includes three aircraft: the
RB-57F, the NP-3A, and the NC-130B. We shall
shortly add two more high-altitude (U-2) aircraft
to the program. These high-altitude jet aircraft, such
as the RB-57F shown in figure 8, permit us to
simulate closely the conditions expected from an
orbiting spacecraft, since they are capable of flying
above 90 percent of the Earth’s atmosphere and
obtaining a fairly large field of view from altitudes
of about 18 kilometers. The lower-flying aircraft are
used primarily for instrument development and
early research in sensor-signature relationships.

The Lockheed C-130B is our flying optical and
infrared laboratory. This aircraft will carry a 24-
channel multispectral scanner, which should provide
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Ficure 7. Goals and capabilities of the Earth Resources Aircraft Program.

a wide range of information about the nature of the  versity of Michigan C-47 aircraft, which we also
signatures used to separate, classify, and identify = use for the same purposes. The NP-3A is our
specific Earth resources. This instrument is an ex-  radiowave instrument development laboratory. It
pansion of the 12-channel scanner used in the Uni-  has a large number of radio antennas mounted on
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Ficure 8. RB-57F aircraft and sensor equipment pallet.
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its underside, and it is used extensively in our
oceanographic and hydrological studies. The air-
craft are used primarily over a number of test sites
or areas (figure 9) which were chosen because of
interest in the area and because of the existence of
available data regarding the area or the existence
of current ground investigations. The disciplines
included in these test areas are shown in the chart
of figure 9. Since we must verify the remotely
sensed data by comparison with actual ground data,
these complementary ground efforts are necessary
during the research phase of the program.

In addition to the test sites within the United
States, NASA has cooperated with test-site research
programs in two Latin American countries, Mexico
and Brazil, as shown in figure 10. The NASA ERS
NP-3A aircraft overflew six multidisciplinary test
sites in Mexico and five in Brazil. During the
Brazilian program, NASA was also asked to take
data in the grassland biome of Argentina in sup-

=xv REGIONAL ECOAREAS
% = MULTIDISCIPLINARY SITES

IDENTIFIED /__
INTEREST /35

Magy,
ol OLOALE\,

SITE

1. SOUTH FLORIDA

2. PHOENIX

4. LAKE ONTARIO

X X
X X

3. CHESAPEAKE BAY X X X
X X
X X

5. GALVESTON/BILOXI

6. WESLACO

7. IMPERIAL VALLEY X

8. PUGET SOUND

9. NORTH SLOPE X X

10. GULF OF CALIFORNIA

11. CORN BELT X

12 WHEAT BELT

. 13. CHICKASHA

14. EASTERN FOREST- TVA X

15. WESTERN FOREST

X X

16. ARID LANDS X X

*  Ficure 9. Regional and multidisciplinary areas.

EARTH RESOURCES SURVEY SYSTEMS

port of the International Biological Program. At the
request of the Peruvian Government, NASA air-
craft photographed the 1970 earthquake region
and provided the photographs to the Peruvian
Government.

THE SPACECRAFT PROGRAM

In the NASA spacecraft program, the major
current efforts involve the Earth Resources Tech-
nology Satellite (ERTS), illustrated in figure 11.
ERTS-A is planned for launch during the spring of
1972. The key design and performance character-
istics of this satellite are as follows:

e Lifetime objective: 1 year

® Orbit: near-polar, Sun-synchronous, circu-
lar, 920 km

e Attitude control <0.7°

e Repetitive coverage every 18 days
® Sensor payload: 240 kg

e Total weight: 865 kg

¢ Minimum power (20-minute sensor opera-
tion per orbit)

¢ Wideband data transmission: 20 MHz,
S-band

¢ Onboard data recording

® Orbit adjust capability

The Sun-synchronous near-polar orbit will permit
the satellite, with its narrow-angle sensors, to observe
the same spot on Earth once every 18 days. It also
means that observations will be made with a nearly
constant solar illumination angle, required for
developing identification signatures. The altitude
permits narrow-angle sensors to be used to obtain
virtually undistorted images. Data from the satellite
will be received by ground stations in the United
States and processed at the NASA Goddard Space
Flight Center (GSFC) in Maryland.

Since reliance must be placed on readout from
U.S. ground stations, the gathering of data out-
side the U.S. will depend largely on the reliable
functioning of an onboard video tape recorder
system. Thus, tape recorder capacity is the principal
factor in determining the extent to which the ERTS
system can provide data from areas beyond the
line-of-sight range of our U.S.-based receivers.
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BRAZIL MISSION - 96
MSC P-3A ELECTRA
JULY 2 - 18, 1969

MEXICO TEST SITE DISCIPLINE
ary CABO FRIO OCEANOGRAPHY
RIO DE JANEIRO HYDROLOGY/GEOGRAPHY
IPEACS AGRICULTURE
MEXICO MISSION - 91 CAMPINAS AGRICULTURE/FORESTRY

MSC P-3A ELECTRA

QUADRILATERO
APRIL 7 - 20, 1969

FERRI FERO GEOLOGY

TEST SITE DISCIPLINE
IXTLAN GEOLOGY
ELORO GEOLOGY
TOLUCA HYDROLOGY

CHAPINGO AGRICULTURE/FORESTRY
VERACRUZ OCEANOGRAPHY
PAPALOAPAN HYDROLOGY

BRAZIL
ARGENTINA MISSION - 97
MSC P-3A ELECTRA
JULY 19 - 20, 1969
INTERNATIONAL BIOLOGICAL PROGRAM

TEST SITE DISCIPLINE

RIO DE JANEIRO

PIRANE AGRICULTURE/FORESTRY
RIVA DAVIA  AGRICULTURE/FORESTRY
SALTA AGRICULTURE/FORESTRY

Ficure 10. Foreign cooperative test site research.

The spectral bands, spatial resolution, and orbital
parameters of ERTS are based on experience with
our aircraft research programs and a single multi-
spectral film experiment carried into space on the
Apollo 9 flight. The 185-by-185-kilometer imagery
format from spacecraft altitudes provides sufficient
orthography for many applications, and the near-
polar orbit provides a minimum of 10 percent over-
lap of successive passes at the equator.

The sensors or instruments to be carried on
ERTS-A include a high-resolution return-beam
vidicon (RBV) television system to record images
in three regions of the visible and near-infrared
spectrum for the preparation of thematic maps over
large surface areas. The ground resolution of the
television system is expected to fall in the range of
92 to 185 meters.

A four-channel scanner extends spectral coverage
to important longer infrared wavelengths and per-
mits analysis at the level of each resolution element.
Besides providing radiometric data not available:
from the television camera system, the scanner data

Ficure 11. The Earth Resources Technology Satellite is inherently compatible with automated analYSis;
(ERTS). by digital computers. The data is recorded digitally
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aboard the spacecraft, and the single collecting
optics provide essentially perfect registration be-
tween spectral channels.

The feasibility of automatically classifying vari-
ous Earth-resource phenomena has been demon-
strated by experimentation with aircraft scanner
data. The ERTS-A scanner will provide a means to
test techniques of automated information extraction
from data acquired at orbital altitudes on a re-
petitive basis. The ERTS-B scanner will also have a
thermal-infrared channel. The data taken outside the
line-of-sight range of the three United States data-
acquisition stations by the RBV system and the
multispectral scanner can be stored on a wideband
video tape recorder for later transmission.

Experience with Nimbus and studies for the
Synchronous Meteorological Satellite (SMS) have
indicated the feasibility of satellite data collection
from ground sensors, and such a data collection
system was selected for ERTS-A. This system will
collect and relay data from Earth-based sensors for
analysis with the spacecraft remote-sensing data.
Typical ground sensors will measure and transmit
to ERTS-A such parameters as stream flowrates,
water content of snow, soil moisture, and tempera-
ture. ERTS-A will receive this data and transmit it
to ground receiving stations, where the data will be
analyzed and correlated with the RBV and scanner
images.

Experimentation in the laboratory, in the field,
and by aircraft over the years, as well as analysis of
photography by Apollo 9, strongly support the
prospect of success for the ERTS-A and B. These
spacecraft should return data that can be used to
produce photoimages useful in the analysis of such
subjects as regional geological structures, land use,
land-water interfaces, and changes in vegetation.
The repeated coverage by ERTS-A and B orbits at
higher latitudes will also allow useful information
to be extracted about variations in snow cover, as
related to water runoff rate and abundance. The
data from ERTS-A and B will be evaluated to
determine the usefulness of space-derived remote
sensing data to these areas of interest.

While ERTS-A is operating, aircraft will provide
additional details to supplement and support space-
craft-acquired data. The aircraft data will be in the
form of samples from selected areas and information
‘'on the spectral signatures that require more fre-

quent coverage of locales or greater resolution than
can be obtained from the satellite.

Data acquired from ERTS-A and B will be made
available to all selected investigators directly and
to others on a cost-of-duplication basis. An “An-
nouncement of Flight Opportunity,” issued in June
1970, provided potential investigators with the op-
portunity to propose studies based on ERTS-A and
B data. It has received wide circulation here and
abroad. To date, over 400 letters of intent have been
received, including about 70 letters from 30 foreign
nations and international organizations. A confer-
ence for potential investigators held at GSFC in
February 1971 attracted over 650 registered at-
tendees, including over 30 from 20 foreign coun-
tries and international organizations.

As mentioned earlier, the ERSP has also employed
manned spacecraft for acquiring data. The early
hand-held camera and automatic color photography
from Mercury, Gemini, and Apollo provided im-
agery which a number of scientists in universities,
industry, and government found of great interest.
In particular, geologists found that these large-area,
small-scale images revealed features never before
identified. This work led to the design of the first
controlled multispectral photography experiment,
which was carried out during March 1969 on Apollo
9 to verify the choice of spectral bands for the ERTS
Sensors.

The next observational experiments on a manned
mission will be aboard Skylab, the first manned
orbital workshop, to be launched in 1973. Ex-
ploratory studies of selected ground targets will be
made with a group of sensors which comprise the
Earth Resources Experiment Package (EREP), illu-
strated in figure 12. Since Skylab will fly during
the life of ERTS, data from these Skylab sensors
will be compared with data from airborne flights
and ERTS. The Skylab will permit us to place in
orbit more sophisticated sensors covering many
more regions of the spectrum than ERTS.

EREP sensors include an array of six boresighted
cameras, an infrared spectrometer, a 13-band multi-
spectral scanner, a 13.9-GHz radiometer/scattero-
meter, a 13.9-GHz radar altimeter, and a 1.4-GHz
radiometer. Several of the photographic bands and
several of the bands of the multispectral scanner
correspond to the bands selected for the ERTS tele-
vision system and scanner, thus permitting correla-
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Ficure 12. EREP ground coverage.

tion of EREP photographic and scanner data as well
as EREP and ERTS data.

Skylab will be placed into circular orbit at a
50-degree inclination and an altitude of 436 kilo-
meters. The first three-man crew will rendezvous
with Skylab a few days after the unmanned launch
and will spend 28 days in orbit. Subsequent mis-
sions to Skylab are planned for 90-day centers, with
the second and third crews each spending 56 days
in orbit. During the uninhabited periods, EREP
will be deactivated. EREP film and tape records
will be returned to Earth with the crew in the
command module, and film and tape will be re-
plenished on return flights. On the final mission,
the crew will return the filters used with the multi-
spectral camera, for ground calibration. Because of
the orbit, EREP data will be acquired only between
the 50-degree latitudes and under varying solar
illumination conditions. Because the data must be
physically returned to Earth via the reentry capsule,
the amount of data to be acquired is limited.

An “Announcement of Flight Opportunity,” issued
in December 1970, gives investigators an oppor-
tunity to call for special observations or studies
using EREP data. Plans have been made for an
integrated review and evaluation of the ERTS and
EREP data-utilization proposals to make the most
of these two complementary missions. EREP data
will be made available in the same manner as ERTS
data.

The large and rapidly increasing amount of data
on Earth resources collected in the ERSP constitutes

an extremely valuable, unique source of informa-
tion. To provide access to this mass of data for
study by investigators and other interested parties,
an ERS research data facility was established in
January 1969 at the NASA Manned Spacecraft
Center. The facility has already been utilized by
many industrial and commercial organizations,
educational institutions, United States Government
agencies, and foreign governmental and private
organizations.

INFORMATION PROCESSING

A key portion of the program is concerned with
information processing. The goal of the program is
not data, but rather information from which sound
resource and environmental management decisions
can be made. Thus, the extraction of information
from data at the earliest point in the system in the
most efficient manner is a primary goal. This work
depends on both sensor-signature research and on
the development and use of decision-oriented re-
source and environmental models that can exploit
remote sensing data.

Experience gained from over 30 years of inten-
sive use of aerial photographs has shown that
panchromatic (minus blue) photography helps de-
termine where things are, but (at least in terms of
natural phenomena) has only limited success in
determining what things are. On the other hand, in
little more than five years, multispectral imagery
has made significant progress in classifying and,
in some cases, identifying natural surface phenom-
ena. It should be noted that sequential coverage
also aids in this identification.

Although powerful, these newer techniques create
two important problems. The first is that machines
must be used to perform quantitative radiometric
measurements and also to assist in the interpreta-
tion of such measurements, since man has difficulty
in evaluating spectral changes. The second is that
multispectral data analysis requires high rates of
data transmission and manipulation.

Because of these two problem areas, a major
effort in the experimental program concerns data
compaction, compression, and sampling (some of
which may be done aboard future spacecraft).
Studies are also underway on data processing, re-
formatting, filing, storing, accessing, and retrieving,
as well as studies to detect surface changes by
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AERIAL PHOTO ALL CLASSES

Ficure 13. Automatic classification of green vegetation, trees, soil, and water.

analysis of the sequential data. Data-compression
techniques will make it possible to store informa-
tion on changes in data without duplication.

Significant progress has been made in automatic
classification of Earth features using digitized data
from a multispectral scanner. Much of this work is
being carried out under NASA sponsorship by the
Laboratory for Applications of Remote Sensing
(LARS) at Purdue University, using the multi-
spectral scanner and aircraft of the University of
Michigan. Green vegetation, trees, soil, and water
can be classified automatically with this system
(figure 13), as well as certain crop types such as
corn, soybeans, wheat, and oats (figure 14).

During the summer of 1970, aircraft scanned
areas of Indiana infested with southern corn leaf
blight (spore-carried fungus) which destroyed about
15 percent of the U.S. corn crop in that year. (The
problem is likely to continue into 1971, since a
sufficient amount of blight-resistant seed will not
yet be available.)

As shown in figure 15, processing of aircraft data
identified five significant levels of crop stress, and
when the aircraft data were combined with ground
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Ficure 14. Spectral pattern recognition of row crops and
cereal grains.
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Ficure 16. Automatic soil mapping. Left photo shows computer printout of seven soil categories
based on spectral properties. Note correlation between soil color map and soil organic matter
map (right) derived from ground measurements,

identify green vegetation, soil, and water (figure
20).

In addition to verifying the choice of spectral
bands for the ERTS television cameras and per-
forming automated terrain classification, the Apollo
9 experiment served to evaluate the feasibility of
simultaneous spacecraft-aircraft imagery and sequen-
tial aircraft imagery for inventory and classification
of resources. The areas of the United States over
which simultaneous spacecraft and aircraft imagery
was obtained include the Imperial Valley and Mesa,
Arizona, agricultural test sites, and the area in
Mississippi, Louisiana, and Arkansas covered by
the Forest Service (USDA) in the timber-inventory
study. Analysis of color infrared imagery taken
from spacecraft, high-altitude aircraft, and low-
altitude aircraft gave a most significant result: The
tonal signatures evident in the aircraft imagery are
well preserved in the small-scale spacecraft imagery,

~

and tonal signatures when combined with sequential
coverage have established the feasibility of con-
structing crop calendars. A typical calendar is
shown in figure 21. This information can be used
to facilitate species identification, as well as vigor
and yield estimation.

Based on the experience gained from the Apollo
9 multispectral photography experiment, with res-
olution comparable to that of ERTS, we are con-
fident that these techniques can be employed to
extract similar vegetation and terrain classifications

from ERTS and EREP data.
FUTURE SYSTEMS

The converging lines of ERSP activities—labora-
tory and field experimentation, advanced studies,
aircraft and spacecraft observations—aim at deter-
mining the desirability of an operational ERS sys-
tem, as well as its optimum configuration in terms
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ACCURACY

4 BANDS;
86% CORRECT

3 ERTS BANDS;
82% CORRECT

3 BANDS (RED,
NEAR-IR, AND
THERMAL-IR);
81% CORRECT

LIGHT BLUE=WATER
BLACK=SHADE

PURPLE BLUE=TALUS
ORANGE=GLACIAL KANE

YELLOW=GLACIAL TILL WHITE=THRESHOLD OF COMPUTER
DARK GREEN=FOREST DARK BROWN=VEGETATED RUBBLE
LIGHT GREEN=BOGS RED=BEDROCK OUTCROPS

Ficure 17. Automatic classification of terrain (Yellowstone National Park) by Michigan multi-
channel scanner and Purdue computer.

of aircraft, spacecraft, and ground segments. Con-
tinuing research and development with spacecraft
and aircraft will be necessary to ensure that im-
proved concepts and technology can be utilized to
upgrade operational systems. Additional research
spacecraft beyond ERTS-A and B are anticipated.

The advisability of establishing operational sys-
tems will depend primarily on the management
value of the resource and environmental informa-
tion from this program. NASA is working jointly
with users in developing an adequate set of experi-
ments to determine this operational value.

The aircraft program, ERTS, and EREP/Skylab
provide a broad range of experiments with various
combinations of space, air, and ground data-ac-
quisition systems. This experience is essential to
developing the best total ERS system concepts, and

many promising techniques will probably depend
upon experimental observatory-type spacecraft be-
yond ERTS-A and B for verification of utility.

To understand fully the requirements for research
systems and the scope of future operational systems,
it is necessary to construct conceptual models of
the “total” system. Such a model is illustrated in
figure 22. An important part of the program must
deal with the development and validation of de-
cision-oriented resource and environmental models
that can make the most effective use of remote
sensing data—the output of the observation system.

Model studies are presently being conducted in
agriculture, forestry, range management, hydrology,
geology, geography, and oceanography. In the
larger context, these studies deal with measuring
and monitoring the dynamics of terrain and ocean



30 EARTH RESOURCES SURVEY SYSTEMS

RED BAND

NEAR IR BAND

GREEN BAND

Ficure 18. Apollo 9 photographs of Imperial Valley, California, taken in March 1969 using the
S065 multispectral camera.

surfaces and, to a small degree, the subsurface, for
there is a clear connection between geologic struc-
ture, soil formation, the hydrologic cycle, and
vegetation.

Using available modeling techniques, contractual
studies have analyzed several promising applica-

tions: regional water management, wheat-production
management, and wheat-rust control. These need
refining and verification, and many other studies
need to be undertaken.

We feel, however, as did the National Academy
of Sciences in its 1968 study on “Useful Applica-
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Ficure 19. Apollo 9 computer map of Imperial Valley Ficure 20. Automatic classification of Apollo 9 imagery.
region.
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Ficure 21. Crop calendar for Mesa agricultural study area (1969).
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tions of Earth-Oriented Satellites.” The Central Re-
view Committee conclusions and recommendations
state: “The benefits from space application are ex-
pected to be large—larger than most of the study

EARTH PHYSICS

METEOROLOGICAL
MODELS MODELS

NONPHYSICAL
INPUTS

REMOTE
SENSING
DATA

STATUS/
PREDICTIONS

EARTH CONDITIONS RESOURCE . MANAGEMENT ACTIONS
PROBLEM X
NATURAL
PHENOMENA

Ficure 22. Block diagram of an operational ERS system.

participants had originally believed, and certainly
larger than the costs of achieving them.”

In conclusion, it is most important not to lose
sight of these essential facts: Since the current pro-
grams are research programs, data formats and
characteristics may differ markedly from follow-on
research programs or operational systems. The
ERTS program is intended primarily to gather data
over the United States and nearby ocean areas; the
gathering of significant data outside the United
States will depend on the specific proposals for such
investigations and on the successful and continued
functioning of an onboard video tape recorder
system.

All results will be published in the open literature,
and all data acquired will be made available, to
insure that the benefits of this program will accrue
to the world community, as is fitting in such a sci-
entific endeavor.




International Aspects of the Earth Resources Survey
Program

ArNoLpD W. FRUTKIN

Assistant Administrator for International Affairs, NASA

Perhaps it is appropriate, as we begin this inter-
national examination of a very promising new dis-
cipline, that I offer largely cautionary remarks
which you may keep in the backs of your minds dur-
ing the next two weeks.

To begin with, this is the first International Work-
shop on Earth Resources Survey Systems. It is a
direct descendant of the International Meteorologi-
cal Satellite Workshop, held in Washington in
November 1961 and sponsored by NASA and the
U.S. Weather Bureau. Representatives of over 30
countries were represented then. The purpose was
to help prepare the international community to use
weather satellite data, just as this workshop is to
prepare for the use of Earth resources satellite data.

The earlier workshop was held after three weather
satellites had proved themselves. This workshop
comes about a year before the first dedicated Earth
resources satellite will be in orbit. In a sense, then,
this workshop could be considered too early. On
the other hand, the evidence of the preliminary space
and air programs in remote sensing led us to be-
lieve that the workshop was needed so that you
could decide for yourselves what expectations you
should have in the Earth resources survey (ERS)
field and how fast and extensively to prepare your-
selves.

Second, I should note that both the earlier work-
shop and this one were designed exclusively as
technical meetings. We are prepared here only for
technical matters and will have to leave other matters
to other forums.

Third, I should point out that the presentations
during this workshop will be given principally by

people who have been deeply involved in the devel-
opment of the ERS program. They are therefore
advocates and must be understood as such.

Fourth, I probably don’t need to remind you that
this new technology should not be considered in
isolation. It is one of many tools available for
resource and other economic development. We do
not mean to suggest here what priority these new
techniques should have in your own country. This
is a judgment which we must leave to you.

Next, I want to commend your attention espe-
cially to the fact that we have scheduled one day,
Thursday, May 6, for presentations by representa-
tives of other countries. Their views and experience
may well be of even greater relevance to you than
our own by reason of scale in budgets, in geography,
or in technical resources.

Let me turn now to the prospects for international
use of Earth resources data through remote sensing.
Such use will depend on (1) the availability of
data, (2) the value of the data, and (3) the capa-
bilities to use the data.

You already know there are three sources of
data: (1) satellites which have already flown, such
as Nimbus, TIROS, Gemini, Apollo, etc.; (2) air-
craft; and (3) the Earth Resources Technology
Satellite (ERTS).

The early experimental satellite data, which are
cataloged and available, were good enough to en-
courage the U.S. Government to initiate a satellite
remote sensing program. However encouraging these
data have been, they are of course experimental.
They were not intended to be and are not compre-
hensive, continuous, or systematic. So, while the
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data are available, they did not and do not consti-
tute an ongoing international service.

If we turn to the U.S. aircraft remote sensing
program, we see that most of the data have been
acquired over U.S. sites, with the purpose of de-
veloping recognition patterns and calibrating in-
strumentation. Some data have been acquired
internationally, but on a very limited basis. Again,
this activity is not in a real sense a source of supply
for the general international community. Yet the
data are available, either in copies or for consulta-
tion at our centers, and can serve research and
educative purposes.

This brings us to ERTS, our first satellite project
to be dedicated to resource and environmental
sensing. You have just heard from Mr. Jaffe on the
objectives of this project. Let me repeat them
briefly. They are to confirm and assess the practical
value of remote sensing from space; to compare
the remote sensing capabilities of spacecraft and
aircraft; to determine whether and how an opera-
tional Earth resources survey system should be
pursued, using space elements for the purposes of
a user community; to determine which remote
sensors are most effective; to develop data handling
procedures; and to help us understand operational
system requi'rements and costs. These objectives
point out that the ERTS system is an inquiry and
not an indefinite commitment to collect and pro-
vide data.

This raises a number of obvious questions in an
international audience. Let us look at some of them:

Question: When does ERTS data become avail-
able?

Answer: In 1972, if all goes as planned.

Question: What will be the value of these data?

Answer: We cannot be certain yet, since one of
the purposes of ERTS is to determine exactly this.
Of course, some informed estimates can be made,
and you will be hearing these in some detail during
the course of the workshop.

Question: What will be the international avail-
ability of the data?

Answer: In principle, all the Earth resources
data gathered will be made available. For practical
purposes, the amount and location of data actually
collected will depend on the lifetime of the satellite,
the lifetime of the tape recorders, the number and
quality of research proposals for the collection of

data for areas outside the United States, the space-
craft power budget, and the time required to read
out the broadband telemetry. If spacecraft data ac-
quisition time is limited for any of these reasons,
the schedules will be adjusted to meet ERTS’ primary
objective: to gather data over U.S. ground truth
sites which have been used for the aircraft program,
so we can cross-calibrate the data and meet other
requirements of the U.S. user agencies.

Question: Will other countries be able to read
out the ERTS data if they wish?

Answer: Yes, if they choose to invest in the neces-
sary ground receivers. In fact, Canada has decided
to do this, and we expect to sign an agreement this
week according to which Canada will read out and
process ERTS data acquired at Canadian facilities.
However, the power budget of the spacecraft and
the time requirements for U.S. readouts must be
taken into account when determining the amount
of time which can be made available to foreign
ground stations.

In view of the constraints on ERTS data acquisi-
tion, the fact that data collected will be available
in any case, and the high cost of ground receivers,
we cannot lightly encourage other countries to spend
over $4 million for facilities to read out and process
ERTS data. But neither do we discourage anyone
from doing this. In fact, foreign stations would be
the only source of international data if the video
tape recorders should fail in the satellite. We merely
suggest that other countries consider the facts of
the situation carefully and then decide for them-
selves whether they wish in their own interest to
make such investments at this time. Any which
decide in the affirmative will of course receive all
the necessary information we can give.

Question: Can the high cost of ERS ground
receivers be reduced?

Answer: We are conducting research at NASA
on high-power spacecraft systems which, if success-
ful, could reduce the power requirements and there-
fore the cost of ground facilities. We are also inves-
tigating whether it would be feasible to use small
APT-type receivers, such as are used to receive
weather satellite data. This research will be reported
generally as it yields results.

A final question: What happens after ERTS?

Answer: The ERTS project is designed to tell us
what kind of a follow-on program should be devel-
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oped, if any. Since the answers to this question will
come with ERTS, we cannot yet relate future inter-
national participation or institutions to post-ERTS
satellite programs.

A major question that I posed earlier related to
the preparedness of nations to use the data we ex-
pect from ERTS and subsequent programs. A num-
ber of early and carefully considered steps have
been taken by U.S. agencies to alert and prepare
other countries to use Earth resources data when
it does materialize. A basic activity has been exten-
sive public discussion in a conscious effort to alert
and educate the national and international commu-
nities to ERS prospects.

Ambassador Bush earlier recited a number of the
initiatives that have been taken within the context
of the United Nations. In addition, we have entered
into cooperative programs directly with Brazil and
Mexico to develop more immediate knowledge of
this program, to train cadres from both countries,
and to assist them in the development of unique
ground truth sites of their own. We undertook to
overfly those ground truth sites with Earth survey
aircraft and provided the data to Mexico and Brazil.
We are providing them with technical assistance in
developing aircraft programs of their own, and we
are extending this program to apply to satellite data
as well as aircraft data. Representatives of these
countries are here at the workshop to report to you
on their experience.

Our resources in the aircraft program are too
limited to permit broad extension of this type of
cooperation to additional countries. However, we
have acquired data in northern Argentina in sup-
port of a request from the International Biological
Program. We have assisted India in the acquisition
of infrared data over areas of coconut palm blight
in Kerala State. We provided aircraft coverage last
year over earthquake-damaged areas of Peru, to
assist in damage assessment and redevelopment
efforts. We are presently working with the Geological
Survey of Jamaica and the Food and Agriculture
Organization to acquire hydrologic information
over Jamaica and surrounding waters. We hope that
all of these aircraft remote sensing projects will help
to demonstrate the utility of the technique to the
international community.

I indicated earlier the cooperative agreement
which we just completed with Canada. We also

recently concluded an agreement with the Soviet
Union to study the possibility of conducting coordi-
nated air and space research over specified inter-
national waters and to exchange results of measure-
ments made by each country over similar land sites
in their respective territories. The purpose of this
agreement is to advance space and conventional
survey techniques for investigating the natural
environment.

We are attempting to meet other international
interests by opening our facilities to visits by for-
eign delegations, by circulating information on the
program, and by extending the NASA international
university fellowship program to cover Earth re-
sources curricula in seven leading U.S. universities.

I think you will be particularly interested in the
response we have received to our general invitation
to the world community to submit proposals for the
analysis of ERTS data, as well as data which is to
be collected by means of the Earth Resources Ex-
periment Package, or EREP, which will be flown in
the U.S. Skylab program. To date, we have received
60 proposals from 25 foreign countries. The follow-
ing is a list of the countries from which proposals
have been received:

Argentina India
Australia Indonesia
Belgium Israel
Bolivia Japan
Brazil Korea
Canada Netherlands
Chile Norway
Colombia Peru
Ecuador Sweden
France Switzerland
Germany United Kingdom
Greece Venezuela
Guatemala

Let us assume for a moment that the ERS pro-
gram is validated and that we move on to an
operational system. How can we imagine such a
system in terms of its international operation and
how it could serve the international community of
users? I think it is reasonable to expect thai the
United States, and perhaps the Soviet Union and
other nations, will have continuing interest in the
operation of an Earth resources survey satellite
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system to meet their own national needs. If such
systems existed, it would be an economic matter to
acquire global coverage at the same time that
national coverage is acquired. The fundamental
need, then, is really for a mechanism for the inter-
national dissemination of data and for assistance
in its interpretation.

In various public statements, in the UN and else-
where, we have suggested very briefly the kind of
arrangement we imagine might serve these purposes.
The nations may at some appropriate time want to
consider setting up a UN facility—not a new agency
but a facility—to serve member States of the UN
and to serve the existing specialized agencies and
other international agencies which already use re-
sources data for development applications. Such a
facility would need to include special computer and
data analysis capabilities to service the wide needs
of the specialized agencies for resource data. The
approach could be relatively economical. Further-
more, the facility would insure the open and cen-
tral international processing of the data. It would
involve the resources people who already have estab-
lished relationships through the Agency for Inter-
national Development (AID). This AID aspect, of
course, must be closely related to the extent that the
less developed countries are involved. Certainly,

there would seem to be no need to duplicate the
work of the FAO, the WHO, the UN Resources and
Transport Division, and so on. As for the cost, it is
too early to determine what this might be. It is my
personal view that it would be extremely difficult to
establish a cost-benefit ratio between Earth resources
data which a country may receive and the benefit
the country may or may not derive from that data.
Therefore, 1 don’t suggest any cost-benefit or fee
basis at all, but rather a simple arrangement in
which the UN facility would acquire, at cost, copies
of the data, and would duplicate data that the U.S.
and other countries acquire through space segments.
They would then provide the data directly to the
AID groups and the users. Some basis for cost shar-
ing might emerge at a later time.

In summary, we are at a point where we have
experiments and expectations. We do not yet have
an established international service, and we do not
have a clearly demonstrated validity. The first major
test will be ERTS-A. We look upon this workshop as
one means of assuring, through international under-
standing and participation, that ERTS-A and its
successors will be widely tested, considered, and
evaluated as part of the general preparation of
peoples everywhere to use the new technology for
our mutual benefit.
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The data to be derived from the ERTS satellites are intended to contain as few variables as
possible so that the data will be easily usable by large numbers of Earth scientists and tech-
nicians. The reduction in variables results from the use of very narrow-angle viewing systems and
selection of an optimum Sun-synchronous orbit. Resulting images will be nearly orthographic (map-
like) upon collection and, with proper processing, will have a high uniformity of illumination so
that objects having similar reflectance characteristics will appear similar throughout the image.
Parts of the spectrum to be recorded by the sensors aboard ERTS were carefully selected to
provide the kinds of information needed by many Earth scientists and resource managers. This
information includes water distribution, vegetation distribution, snow distribution, gross cultural
feature distribution, and the distribution of suspended sediment in water. The ERTS system pro-

vides repetitive data so that changes in this distribution with time may be easily detected.

This paper is intended to provide insight into
the design rationale for the NASA Earth Resources
Technology Satellites (ERTS) and to describe user
agency information needs and progress in informa-
tion extraction. It is hoped that an understanding
of the rationale used in the design of ERTS will
assist you in designing appropriate and meaningful
experiments with ERTS data.

To avoid any semantic misunderstandings, I
would like to begin with a review of terms.

ERTS is a NASA unmanned satellite program that
will place two satellites in orbit, the first (ERTS-A)
in early 1972. NASA will collect the data, process
it to remove all systematic errors, and make it
available to federal agencies and selected experi-
menters.

Skylab is a manned laboratory, to be launched in
late 1972. It is designed primarily for astronomical
observations, but will also carry an Earth Resources
Experiment Package (EREP). Skylab is expected
to yield limited quantities of highly experimental
data.

EROS (Earth Resources Observation Systems) is
a program of the Department of the Interior to
acquire, process, and utilize data from both aircraft
and spacecraft. We consider the data from ERTS
to be the principal experimental input to the EROS
program. The EROS program will test ERTS, Sky-

lab, and aircraft data for operational use.

Repetitive data is the term used for similar data
collected on a regular schedule. This kind of data
facilitates mapping of changes and trends, and aids
in identification. The methods of recognizing a
willow tree form an example of the use of repetitive
data for identification. One may recognize a willow
tree by close examination of the leaf or bark; this

" approach requires very high-resolution observations.

One may also observe the tree from an aircraft and
note the characteristic dip in the crown; this ap-
proach also requires very high-resolution data. One
may also observe the distinct yellow-green color of
the willow tree and thus identify it; this method
requires a multispectral approach, but resolution
requirements are less stringent. One may also recog-

39



40 EARTH RESOURCES SURVEY SYSTEMS

nize the willow tree by knowing that it turns green
before other deciduous trees and observing it at the
proper time. The resolution requirements for this
approach are also less than needed for approaches
involving analyses of shapes.

A study of Interior Department activities under-
taken by the Westinghouse Corporation showed that
the benefits to be derived from repetitive data dimin-
ish greatly if the period between repetitive obser-
vations exceeds 30 days.

Cartography and mapping. Under the EROS pro-
gram, we accord a broader definition of responsi-
bility to the fields of cartography and mapping than
is common. In addition to producing topographic
or planimetric base maps, we define cartography as
including the preparation of maps of given themes
or resources, such as maps showing the distribution
of surface water and its change with time. Statistical
information relating to these themes is also con-
sidered to be a cartographic product.

National map accuracy standards are United States
standards used to control the precision of both plan
positions and altitude measurements. The national
map accuracy standard for planimetric maps re-
quires that 90 percent of all features appearing on
the map must be located within 1/50 of an inch
(approximately 0.5 mm) of correct position at map
scale.

Plane coordinate systems are systems of rectilinear
coordinates that enable an investigator to accurately
determine map locations with simple measuring
devices under field conditions. Plane coordinate
locations may be easily converted to geographic
coordinate locations. The Universal Transverse
Mercator plane coordinate system has been adopted
for use in the ERTS and EROS programs.

ERTS DESIGN RATIONALE

Recognizing that economic benefits accrue only
when information is applied in a decision process,
a review of decision models within the Department
of the Interior was undertaken. This review led to
the identification of 18 informational needs, which
ultimately led to the design of the ERTS.

It became evident at the onset that the most seri-
ous need was for data at regional scales, herein
defined as 1:250 000 or smaller. Both regional

(small-scale) and local (large-scale) maps are

needed, each serving its unique purpose. Data col-
lected and presented at regional scales facilitates
the top-down decision flow that is becoming more
important today as we attempt to relate our scien-
tific and technical resources data to the overall
environmental situation. The review of decision
models revealed that much detailed information is
lost to resource managers because it is not timely
or is not developed on the basis of their needs.
An example of the decision models analyzed in
this study is that of decisions to lease rangelands
belonging to American Indian tribes. Because lease
revenues provide the Indian nations with a large
part of their income, optimum utilization of range-
lands is essential for their economic growth. All
money derived from these leases reverts to the Indian
nations. In this model, soil and range inventories
are utilized in reaching the decision to lease, and a
series of utilization checks is employed to review
results of the decision and improve subsequent
decisions. Information currently used in the soil/
range inventories is shown in figure 1. It was noted

SOIL DESCRIPTION

AVAILABILITY
OF WATER

SPECIES IDENTIFICATION
AND % OCCURRENCE

SOIL/RANGE
INVENTORIES

WATER HOLDING
CHARACTERISTICS

ACTUAL AND POTENTIAL
EROSION CONDITIONS

CULTURAL FEATURES

Ficure 1. Inputs employed for soil/range inventories.

that there is no requirement for a continuing inven-
tory of forage grass distribution and vigor. This
obviously useful information was not identified be-
cause no means existed for timely collection of
appropriate data. The decision process is illustrated
in figure 2. In each decision model, the requisite
information was noted, and additions such as forage
grass distribution and vigor were made, based on
scientific knowledge of the potential capabilities of
remote sensor surveys. The possibility of substituting
observations for those requested was also consid-
ered; for example, water-holding characteristics of
soils are difficult to determine from airborne or
spaceborne observation points. However, this char-
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acteristic is reflected in the vigor of the forage
grasses that grow upon them. Accordingly, observa-
tions of vigor of forage grasses were recommended
substitutes for the requisite information. Utilization
checks consisted of a statistical check of*vegetation
presence and vigor, evidence of overgrazing or un-
dergrazing, and economic analyses. Data for all
utilization checks, save economic analysis, can be
provided from remote platforms.

Information requirements thus identified were
summed and equated against the known capabilities
of remote sensing systems.

Both aircraft and spacecraft were considered as
acquisition vehicles, and it was noted that each
platform has unique advantages. Spacecraft, in con-
trast to aircraft, can (1) provide rapid coverage of
very large areas, (2) provide repetitive coverage at
constantly diminishing costs, (3) adhere closely to
acquisition schedules, (4) economically utilize nar-
row-angle viewing systems, and (5) transmit data
directly from great distances to recognition process-
ing centers. Aircraft, in contrast to spacecraft, can
(1) be dispatched quickly to meet a given need,
(2) provide various levels of resolution with the
same sensors, and (3) return film quickly for proc-
essing and analysis.

This capabilities analysis led to the design of a
data collection system that involves both spacecraft

SOIL/RANGE INVENTORIES
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Ficure 2. Decision process used to determine whether to
lease specific areas of Indian rangeland to the public.

and aircraft applied in a supportive manner. In most
cases, heaviest dependence is placed on spacecraft
data supported by aircraft; but in some areas, such
as aeromagnetic and topographic surveying, air-
craft remain the prime data-gathering system that
will be supported by spacecraft data in the future.
The principal reasons for adopting spacecraft as
prime collection vehicles for most surveys are illus-
trated in figures 3, 4, and 5. Figure 3 compares
narrow-angle space photography to wide-angle pho-
tography acquired from aircraft. Narrow-angle sys-
tems have three basic advantages:

(1) They facilitate identification by showing fea-
tures at essentially the same angular perspective, in
contrast to wide-angle photography that shows fea-
tures at various perspectives. For example, in a
wide-angle photograph of a forest one sees the tops
of some trees and the sides of many trees. Sides of
trees and tops of trees look quite different; as a
result, similar types of vegetation appear dissimilar
in wide-angle photographs. Conversely, narrow-
angle systems see essentially only tops of trees, and
trees that are alike look alike.

(2) The straight-down view aids penetration of
forests and water.

(3) Narrow-angle systems permit collection of
data that are essentially orthographic upon collec-
tion. Figure 4 shows the path of a power line as it
appears on the edge of a wide-angle photograph
(top) and as it appears looking straight down
within a narrow cone of rays (bottom). The power
line is straight on the ground, and its shape and
alinement are better shown in the narrow-angle
view. This quality facilitates rapid conversion of
narrow-angle data into map form and aids inter-
pretation by showing features in their true shapes.

Figure 5 is a mosaic of aerial photographs of a
part of Saudi-Arabia. All pictures were acquired
and processed with the same system; there was,
however, a difference in time of acquisition. Ap-
proximately three hours separated the north-trend-
ing flights from the south-trending flights. The
areas outlined with dashed lines are homogeneous,
yet they exhibit apparent differences because of
change in the illumination angle of the Sun. A syn-
optic image acquired from space would show all
of the area in this mosaic and more, and terrains
that are alike would look alike. Additionally, ac-
quisition of space images can be much more pre-
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Ficure 3. Space photography compared to aerial photography.
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NEAR-AXIS PERSPECTIVE VIEW

Ficure 4. Effects of perspective angle on relief displacement.

Ficure 5. Apparent terrain differences in photomosaics may
not represent actual differences. (Arrows show direction
of flight.) Areas within dashed lines are known to be
homogeneous.

cisely scheduled than aircraft images. Thus space
images can be acquired at optimum times.

The analysis of information needs and systems
capabilities led directly to the selection of the multi-
spectral characteristics and sensors of the ERTS
system. Figure 6 shows a color infrared and three
black-and-white space photographs of a part of the
Imperial Valley of California. The black-and-white
images are similar to those that will be transmitted
from the ERTS spacecraft. Each black-and-white
image records energy in a different part of the
spectrum; one records green light, one records red
light, and the other records energy in the invisible

infrared. The green band was selected to see through
water for observations of subaqueous landforms;
it is also a near-optimum band for discriminating
rocks and soils in arid environments. The red band
was selected for discrimination of cultural features
against a vegetated background; this band is also
useful for identifying crops. The infrared band, just
beyond the visible spectrum, was selected to show
landforms, vigorous vegetation, and water. The
black-and-white images may be combined into a
color composite, such as that shown at the top of
figure 6. In such a composite picture, water is black,
vigorous vegetation is red, and suspended sediment
and bottom features are blue.

These photographs are part of an experiment
undertaken during the flight of Apollo 9 to test the
use of these bands for observing the Earth from
space. The results demonstrated that multispectral
techniques aided in identifications and in structur-
ing the information upon collection, so that extrac-
tion of information from the data was facilitated.

Figure 7 shows two comparative views of Atlanta,
Georgia and vicinity taken simultaneously from
Apollo 9. The red band was selected to show cul-
tural features; the photograph on the right, taken
with red light, shows the city of Atlanta, together
with related road networks. In the image on the left,
made in the infrared band, Atlanta is barely visible,
but the landforms, lakes, and reservoirs are clearly
discernible.
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Ficure 6. Multispectral view of Imperial Valley, California,
produced with four separate cameras using different films
to bring out cultural features, vegetation, water, and
land features.

Ficure 7. Simultaneous space photos of Atlanta area taken in infrared (left) and visible red light.
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RESULTS OF INFORMATION NEED ANAL-
YSES AND PROGRESS IN INFORMATION
EXTRACTION

The following paragraphs enumerate the infor-
mation needs identified in our analysis of decision
models and illustrate progress to date in developing
methods for interpreting or routinely extracting
resources and environmental information. The needs
are divided into those related to land, water, vegeta-
tion, cultural features, and geophysical information.

Land Information Needs

First among the requirements for timely infor-
mation about our lands is small-scale planimetric
maps. Tests were undertaken, utilizing photography
acquired during flights of the Apollo and Gemini
spacecraft, to test the utility of space photographs
for making regional-scale photoimage maps. Our
first product was a 1:1 000 000-scale maplike photo-
image mosaic of approximately 500 000 square
kilometers of Peru, Bolivia, and Chile, assembled
from a series of more-or-less random photographs
taken by astronauts Cernan and White. Copies of
the mosaic were sent to the President of Peru, who
commented favorably on its usefulness and objec-
tivity.

More recently, an existing 1:250 000-scale line
map was combined with parts of two Apollo photo-
graphs to produce a composite line and photoimage
quadrangle map of part of the state of Arizona.
Figure 8 shows the composite map; figure 9 com-
pares a part of the composite map with the conven-
tional line map. Close inspection reveals that the
composite map has a much higher information con-
tent than either the images or the conventional line
map alone. These tests also showed that space pho-
tography can be used to update existing regional
maps, as shown in figure 10, and demonstrated that
photographic imagery acquired with relatively nar-
row-angle systems is essentially orthographic upon
collection. The photographs meet or exceed national
map accuracy standards for planimetric positioning
at scales of 1:250000 and smaller. We believe that
the ERTS data, when properly processed, will have
similar geometric fidelity. The combined line and
photoimage map (figures 8 and 9) has a very fine
grid superimposed on it. The grid is the Universal
Transverse Mercator plane coordinate system that

has been adopted for use in the ERTS program. In-
formation concerning this grid and methods of
determining positions from it can be obtained by
writing to the U.S. Geological Survey.

Additional land information needs are:

(1) Landform classifications. Research using
radar images has shown that uniform, small-scale
images facilitate classification of landforms. Land-
forms thus classified can be related to land pro-
ductivity, average income, and engineering and
construction costs.

(2) Land use information. Land use maps have
been prepared of urban and rural areas in the
United States using space photography.

(3) Geologic structural information. Knowledge
of geologic structures can assist in mineral and water
explorations. Many previously unmapped structures
are visible in space photography.

(4) Subaqueous landforms. Images showing land-
forms beneath the water can aid marine geological
exploration. Space photography is unique in its abil-
ity to penetrate water to significant depths. Some
Apollo and Gemini photographs have shown bottom
features to depths of 50 meters or more (figure 11).

(5) Topographic information. There is a world-
wide need for topographic maps. At the present
time, aircraft systems must still be employed to
supply this information; topography cannot be
mapped from ERTS or Skylab data.

Water Information Needs

Water information needs include soil moisture
distribution, suspended sediment distribution, wet-
lands distribution, and the distribution of surface
water and snow. Although soil moisture is not
directly interpretable from the ERTS data, relative
soil moisture distributions can be interpreted from
local differences in albedo and/or effects on over-
lying vegetation. Figure 12 shows an area of high
soil moisture content, the track of a thunderstorm
in the southwestern United States. Other water in-
formation needs include distribution of snow and
water content of snow. The distribution of snow
will be visible on ERTS images, but the ERTS sys-
tem will not provide measurements of water content
of snow. Research utilizing ground microwave sys-
tems for measuring water content is in progress,
and Skylab will carry a microwave radiometer sys-
tem to provide experimental space data that may
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Ficure 8. Conventional line map of Phoenix area combined with space photographs to give
improved accuracy and detail.
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Ficure 9. Composite map compared with conventional line map.
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Ficure 10. New construction identified in Gemini 7 photography illustrates usefulness in updating
base maps.

Ficure 11. Space photo showing subaqueous landform in
Caribbean Sea.

lead to a future capability to measure water content
of snow. Technology exists for mapping the distri-
bution of water and snow automatically, as shown
in figures 13 and 14. In the map shown in figure 14,
areas of thin snow appear in green; thick snow is
shown in blue; and the areas that have no snow
are white.

Enhancement techniques exist for showing the
distribution of sediment in near-shore areas (figure
15). This information is interpretable in terms of

Ficure 12. High soil moisture area apparent in Gemini
color photo of Midland-Odessa, Texas.

the dynamics of water body disturbances, natural
and manmade, that are adding to the sediment load.
As shown in figure 16, this information is useful for
improving the efficiency of the shrimping industry.

Vegetation Information Needs

Vegetation information needs include (1) the
distribution of natural vegetation, (2) the distribu-
tion of agricultural vegetation, and (3) the distri-
bution of vegetation in vigorous growth. We expect
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Ficure 13. Automatic mapping of surface water area. The water map (right) was automatically
extracted from the image at left (an infrared space photo of a portion of northern Alabama).

Ficure 14. Automated snow mapping. At right is a color-coded map produced from the Apollo 9
infrared photo of an Arizona snow scene shown at left.

that all three of these information needs will be
wholly or partially met with the ERTS system, sup-
plemented by selective aircraft observations. The
technology exists to automatically map the distri-
bution of vegetation, as shown in figure 17. It is
anticipated that observation of the geometric field
patterns and/or more selective discrimination of
reflectance characteristics may permit automatic
separation of natural vegetation from agricultural
vegetation.

Cultural Features Information Needs

"Needed information relating to cultural features
is shown in figure 18. These needs include city out-
lines, major transportation networks, and classes of
cultural and natural features within the urban scene.
City outlines show with remarkable clarity in
Gemini and Apollo photographs. Comparison of out-
lines seen on space photographs with outlines drawn
on older maps has resulted in maps that show direc-
tion and rate of urban growth. Qur geographers are
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Ficure 15. Automatic mapping of near-shore features. Image at right is negative of Apollo 9 space
photo shown at left. Numbers on negative indicate locations where color measvrements were

made on original transparency.

Nov: 14, 1966
GEMINI-42-4-95

Ficure 16. Space photography used to help shrimp industry. Outline of turbid water is shown on
Gemini photo at left. Map at right shows distribution of fishing vessels in same area by color

coding.

having success in evolving regional factors which,
when multiplied by the area of urban growth, result
in estimates of population increase. Current investi-
gations are attempting to routinely extract classes
of information from within urban areas. One class
of information, for example, consists of buildings,
roads, and parking lots; these are all impervious

surfaces. Such information can be useful in deter-
mining water runoff rates. In the upper left of figure
19 is an aerial photograph of an area near Falls
Church, Virginia; along the bottom are the four
classes of information automatically extracted from
within that scene. We have not as yet attempted to
make similar analyses of space photographs.
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Ficure 17. Automated vegetation mapping. Map on right shows IR-reflective vegetation extracted
from Apollo 9 IR photo of Phoenix shown at left.

Ficure 18. Maps of cultural features produced from Apollo
6 color photo (left) of Dallas-Fort Worth area. Map at
lower left shows roads throughout area; center map shows
changes in roads and urban areas; major roadways,
urban areas, and bodies of water are indicated by three
distinct colors in map at right.

i
> \s %

W Urbon orec ond reads os mapped 195463
I Change bosed on APOLLO photograph 1968




AEROSPACE METHODS OF REVEALING AND EVALUATING EARTH RESOURCES 51

Ficure 19. Automatic data extraction. From color IR aerial photo (top left), four types of data
were extracted by density slicing process: (a) rooftops, excavations, and water; (b) trees;
(c) grass; (d) roads and parking lots. Composite print (top right) was made from separation
negatives (a) thru (d).

CHANGE DETECTION

The most important information sought from
the ERTS data is change in all of the aforemen-
tioned types of information, e.g., the change in
snow distributions and city outlines with time. Be-
cause of the near-orthography and the time syn-
chronism of the ERTS data, sequential coverages
may be easily compared and changes may be de-
tected and mapped.

Figure 20 shows two space photographs of the
Dallas-Forth Worth area of Texas; they were taken
about one year apart. Figure 21 shows a map of
the southeastern part of Dallas in which all the
changes recorded in figure 20 are shown as bright
dots. Many changes have been detected but not
identified.

Figure 22 shows aerial photographs taken at ap-

proximately the same times as the space photographs
for change identification purposes. The change
marked C represents a change in the water level of
a reservoir; other changes are buildings constructed
in the time interval between coverages. It is worthy
of note that, although the optical resolution of the
space photographs was probably no better than 200
meters, new buildings approximately 70 meters on
a side were detected.

GEOPHYSICAL INFORMATION

Two types of geophysical information needs were
identified, namely thermal and magnetic. Geothermal
data, such as shown in figure 23, can be acquired
from ERTS-B but not ERTS-A. Magnetic data gen-
erously provided by our Soviet colleagues are to be
reduced to map form, as shown in figure 24, and
geologically interpreted.
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Ficure 20. Two photos of Dallas-Fort Worth area taken from Apollos 6 and 9, nearly a year apart,
show various changes.

Ficure 21. Changes detected between sequential photos of
figure 20: A—freeways; B—artificial lake; C—=water-
level changes; D—=new buildings.

ENVIRONMENTAL MONITORING

Provision of the information discussed in this
paper, together with rates of change in the character
or distribution of these information elements, will
be a major step toward supplying data needed for
an environmental monitoring system.

Many of the parameters used to define pollution
or environmental quality cannot yet be monitored
from remote positions. However, research efforts
that may lead to this capability are producing-en-
couraging results. In some cases, secondary effects
may be observed that are meaningful. Figure 25 is
an aerial color infrared photograph of the Potomac
River. The red streaks in the river are algae that
result from pollutants discharged upstream. We plan
to begin studies this summer that will attempt to
relate algae distributions with in situ water-quality
measurements in order to develop a model for inter-
preting observations of this kind.

Our studies include analyses of patterns of de-
velopment in various environments in an effort to
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Ficure 22. Verification of changes by aerial photography. Left pair of photos shows water changes;
right pair shows construction changes (areas C and D of figures 20 and 21).

Ficure 23. Thermal structure of surface: IR imagery of The
Geysers geothermal steam field, California.

Ficure 24. Crustal magnetic anomalies: magnetic map con- Ficure 25. Aerial color IR photo of Potomac River shows
toured from data taken by U.S.S.R. satellite Cosmos 49. algae, an indicator of pollution.
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Ficure 26. Apollo 9 color IR photo of Colorado River delta.

arrive at a better understanding of development
constraints and thrusts. Figure 26 shows the rela-
tively undeveloped delta of the Colorado River; the
general physiographic and environmental setting is
quite similar to that of the highly developed Nile
delta, shown in figure 27.

Geographers have analyzed this photograph of
the Nile delta in an attempt to verify or deny their

Ficure 27. Nile River delta from Gemini.

“central place” theory. Results of their analyses are
not conclusive, but one clear fact emerged: The
space photograph presented more objective geo-
graphic information than any map of the region,
thus making the photograph of high educational
value. I think we will find that the educational
values of space data will exceed all other values
derived from this and succeeding experiments.



Remote Sensing in Geology, Hydrology, and Geography
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Remote sensing from satellites and aircraft has many applications to the scientific disciplines of
geology, hydrology, and geography. The feasibility of remote sensing for geologic purposes has been
demonstrated by the discovery of significant areas for mineral exploration in the Southwestern
United States from space photographs, the delineation of rock structures favorable for oil and gas
exploration, and the description of changes in landforms caused by geologic events such as volcanic
eruptions and earthquakes.

Hydrologic uses of remote sensing include the exploration for ground water in both arid and
humid regions, the assessment with repetitive images of the status of perennial and intermittent
lakes, the mapping of flooded areas, and the delineation of coastal and inland wetlands.

Geography is both a discipline in itself and an integration of other disciplines. Geographic uses
of remote sensing data include land-use mapping in urban and rural areas, mapping of sequential
changes in cultural features and their relation to the environment, and the synthesis of other
resource information with geographic data to form information systems for management use.

Basic and applied research in each discipline coupled with increasing operational use of space-
and aircraft-collected remote sensing data in information and resource management systems will

provide a future capability for better resource and environmental management.

Geology, Bydrology, and geography form a major
nucleus for remote sensing activities within the
United States Department of the Interior and a
major role in the Department’s stewardship of the
public lands and resources of the United States. The
Department of the Interior is custodian for the
Federal Government of over 3 million square kilo-
meters (760 million acres) in the United States and
is responsible for the management of the resources
and environments of those lands. It is also responsi-
ble for the management of mineral resources of
almost an equal area of offshore lands on the con-
tinental shelf of the United States. To provide a
sound scientific, economic, and environmental basis
for its planning, policy making, and management
activities, the Department continually searches for
better ways to gain information about these lands
and resources. Remote sensing, with its cost-effec-
tive means of data gathering, is looked upon as a
new and attractive tool by the Interior Department

for providing information in the fields of geology,
hydrology, and departmental management. Remote
sensing information is applicable not only to the
public lands of the United States, but to all our
lands and those of foreign countries as well. We
are, of course, vitally interested in the applications
of remote sensing in other disciplines such as car-
tography, agriculture, forestry, and oceanography.
This paper, however, will be confined to the three
disciplines noted above; other disciplines are dis-
cussed in other papers presented in this workshop.
Figure 1 is a map showing Federally owned lands
within the United States. It is a reproduction of a
page from the National Atlas of the United States,
recently published by the U.S. Geological Survey.

GEOLOGY

The objectives of our program in remote sensing
for geology and mineral and land resources are (1)
to improve the observation of large geologic features

55
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Ficure 1. Map showing public lands managed for the U.S. Government by the Department
of the Interior.

and relationships, (2) to refine structural and strati-
graphic interpretations, (3) to monitor changing
geologic features, and (4) to improve the efficiency
of prospecting for minerals and fuels.

The use of space data for mineral resource ex-
ploration is described in this section. Normally, field
aircraft observations of the terrain are synthesized
into regional maps on which target areas for mineral
exploration are defined. Because the bulk of such
work is conducted on the ground, the field observa-
tions require a long period of time. The use of
small-scale observations from space to form a
regional synthesis of geologic information can be
done by photointerpretive methods and promising
areas can be outlined. Further details can be added
by aircraft observations and later field observations.
This process can significantly shorten the time
required for mineral exploration and make the task
much more efficient.

An example of this process shows how a mineral
exploration target was detected from space photo-

graphs. Figure 2 is a space photograph of the San
Carlos Indian Reservation in Arizona, taken during
the flight of Apollo 9 in March 1969. The small area
outlined in red is a circular feature noted on the
photograph by a geologist. The photograph at lower
right is an enlargement of that area, which shows
that the circular feature is readily discernible on
the photograph, and its presence is enhanced by the
snow cover. Its identification led to the checking of
an aeromagnetic map of the area, shown at left,
which shows a small magnetic anomaly at the site
of the circular feature. Further investigations, both
by geologic mapping on the ground and by addi-
tional geophysical techniques, are being made to
determine the presence or absence of a copper ore
body. The presence of a significant ore body has not
yet been proved, but this investigation illustrates a
typical process by which exploration can proceed
from space photography to ground observations. It
is also worth noting that the target area is on land
belonging to an Indian tribe. Thus, if the explora-
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FicuRre 2. Mineral resources exploration facilitated by use of space imagery in conjunction with
aeromagnetic data.

tion is successful, an increase in economic produc-
tivity can be achieved to benefit the tribe.

The ability of remote sensing to reveal hidden
structures is shown by figure 3. The top photograph
is a conventional black-and-white aerial photo taken
from low altitude of an area in New Mexico. The
presence of anticlinal structures in the area was
known, but their mapping was difficult because the
structures are broad and low and are not readily

seen. The center view is an infrared black-and-white
photograph taken in the spring. It was theorized that
soil moisture, and therefore vegetation, would be
less over the tops of the anticlines than over the
intervening synclines and would show as a difference
in tone in the photograph. This proved to be the
case. The lighter-toned north-south trending areas
are the anticlinal axes. The bottom photograph with
the map overlay shows the location of the anti-
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REFLECTIVITY (HIDDEN
STRUCTURES) AND FIELD-
MAPPED STRUCTURAL AXES

Ficure 3. Aerial photography of the proper type and at the]
proper time of year has aided in the delineation of hid-
den anticlinical structures in New Mexico.

clines. The significance of this method lies both in
the type of photograph taken and the time of year
at which it was taken. Moisture and vegetation con-
ditions at other times of the year could have been
sufficiently different to mask the anticlines.

The mapping of large regions is aided signifi-
cantly by space photography. Figure 4 shows a
space photomosaic and two maps made by inter-
preting the photographs. The upper figure is a
photomap of a portion of the Southwestern United
States made from photographs taken on several
flights of the Gemini spacecraft. A geologist who
was attempting to map and correlate the soils
throughout this region of the United States found
the space photographs significantly more useful
than aerial photographs, either in black-and-white
or in color, owing to their even illumination and
uniformity. Interpretation of the soil types was
made from the color photographs and plotted to
form a geologic terrain map (center), which shows
the distribution of surficial deposits based. on the
colors of soils. The map is both complicated and
comprehensive, and the first of its kind for a region
of this size. The map at the bottom is a secondary
product of interpretation of the space photographs.
It shows the distribution of lands suitable for farm-
land, rangeland, and timberland (regardless of
whether they are presently being used for such pur-
poses).

The ability to make maps of large areas in short
periods of time by means of space-photo interpreta-
tion can aid significantly in regional planning for
countries and areas where such information is not
now readily available.

HYDROLOGY

Significant research in the applications of remote
sensing in hydrology and water resources programs
has been done. Objectives were (1) to provide
remote-sensing solutions to hydrologic problems,
(2) to provide improved data for water manage-
ment, (3) to improve forecasts of runoff from snow
packs and glaciers, and (4) to measure the charac-
teristics of water and contained substances by re-
mote sensing.

Photointerpretation has been used extensively in
exploration for ground water resources. Figure 5
shows how one space photograph taken by Apollo 9
facilitated a regional ground water appraisal. The
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Ficure 4. Interpretation of Gemini photographs has produced a geologic terrain map and land
planning map of a portion of the southwestern United States.

area photographed is in northern Alabama, a humid area. The solid lines indicate traces that were known
region of the United States, and a portion of the  previously and the dashed lines show fractures that
folded Appalachian Mountains. The lines shown on were newly mapped from the photograph. In this
the photograph are fracture and fault traces in the  region large supplies of ground water can be devel-
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Ficure 5. Exploration for large supplies of ground water
is enhanced by mapping fracture patterns in folded rocks
from an Apollo 9 photograph.

oped from wells only when they are located along
fractures or at the intersections of fractures, and
thus the mapping of these fractures can aid sig-
nificantly in the search for new and increased
ground water supplies. Wells penetrating the frac-
tures can yield from 10 to 100 times as much water
as wells that do not penetrate fractures.

The automatic processing of space photographs
can aid in the delineation of some water features.
Figure 6 shows how the area of surface water in a

region has been mapped from an Apollo 9 color
infrared photo. This is a small portion of the photo-
graph of northern Alabama shown in figure 5. By
photographic means, the area of exposed surface
water was mapped for the entire photograph, as in
the small portion shown on the right. Normal obser-
vations of the availability of surface water are made
of the stage and discharge of streams and the stage
of lakes and reservoirs. The technique of automatic
mapping may provide a generalized regional index
to the availability of surface water that has hereto-
fore not been possible.

Figure 7 shows a map and an Apollo 9 photo-
graph of an area on the edge of the arid high plains
of western Texas. The geologic map shows a number
of small brown dots representing playa lakes, which
are intermittent storage reservoirs for water. One
key to utilization of water in this arid region is the
amount of water stored in these lakes that can be
used for irrigation. In addition, significant amounts
of ground water are mined from the thick surficial
aquifer underlying the region. The Apollo 9 photo-
graph, at lower right, shows the playa lakes. In
itself, this picture provides some information as to
location and area of the lakes; but, to make a com-
plete analysis of the availability of water in this
region, it will be necessary to assess the status of
these lakes over long periods of time to determine
when they contain water and when they do not. In
addition, it is important to know which lakes lose
water by evaporation to the atmosphere and which
lose water by downward seepage to the water table
in the aquifer. Only with repetitive space images

FIGURE 6. Automatic mapping of surface water can be done from space photographs by photo-
graphic means. Map at right shows water area extracted from color IR photo at left.



REMOTE SENSING IN GEOLOGY, HYDROLOGY, AND GEOGRAPHY 61

APLAINVIEW

#+FLOY DATA

LUSBOCK

SALTON

Ficure 7. Playa lakes in the high plains of Texas can be mapped and their status assessed from
space photographs.

such as those that will be obtained from ERTS-A
can such an analysis be readily made. The analysis
will be a key portion of water management decisions
on the importation of water to the high plains from
other regions to supplement the short ground water
supply.

Vegetative indicators of the occurrence of ground
water have long been used as guides for water
exploration. Figure 8 shows land use and moisture
distribution along a portion of the Texas coast.
Outlined on this Apollo 9 photograph is the alluvium
of the Brazos River, which flows into the Gulf of
Mexico. This infrared color photograph shows dif-
ferences in vegetative characteristics and moisture
distribution along that coastal region, thus allow-
ing ready identification of the permeable alluvium,
which contains significantly greater amounts of
ground water than the rocks on either side.

Figure 9 shows an Apollo 9 color infrared photo-
graph of a portion of the high plains of Texas and
New Mexico. This is a flat area underlain by a thick
surficial aquifer. The land is primarily used for
irrigated farming. The north-south line that can be
seen bisecting the photograph is the State line be-
tween Texas and New Mexico. The line is visible
in the photograph because of differences in land
use practices and irrigation in the two States. Such
a photograph shows resource managers and policy

administrators the effects of land management de-
cisions concerning the difference in allocation of
water between the two States. The interpretation of
such a photograph does not say, in itself, which of
the two differing water allocation practices is better,

- but it does provide data to the managers who will

make such a decision.

Figure 10 is the first space photograph of an
entire flood at or near its peak. The area shown
includes parts of Arkansas and Louisiana. It is diffi-
cult, time consuming, and expensive to map the
extent of a large flood by ground methods, and such
mapping must generally be done after the flood has
receded, which means indirect methods must largely
be used. The possibility of using space photographs
for such a purpose is exciting to the hydrologist. It
means that he may be able to obtain information on
floods that has heretofore not been obtainable.

The mapping of coastal wetlands is a task of great
importance not only in the United States, but in
many other countries as well. Figure 11 shows two
photographs taken simultaneously of the Georgia
coast from the Apollo 9 spacecraft. On the left is a
color infrared photograph, and on the right is a
black-and-white infrared photograph. The coastal
wetlands are the blue or dark-gray areas somewhat
inland from the vegetated islands, which have either
red or light tones. The regional delineation of such
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Frcure 8. Delineation of permeable alluvium containing large supplies of ground water can be
done on the basis of land use and vegetation distribution in a coastal region.

STATE LINE

Ficure 9. Differences in land use practices between adjacent
States are shown in this space photograph.
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Ficure 10. An infrared color photograph from Apollo 9 shows the extent of a flood of the Quachita
River in Arkansas.

wetlands is a simple task from this type of space
photograph, which is analogous to the imagery that
will be obtained from the ERTS. More detailed
observations of wetlands can of course be made
from low-altitude aircraft and from ground obser-
vations. The examples of remote sensing in the field
of hydrology that have been shown here are pri-

marily concerned with the mapping and identifica-
tion of regional water features. Additional research
has been and will continue to be conducted on
quantitative measurement of water parameters, par-
ticularly those of water quality. However, such
measurements generally require more sophisticated
remote sensing systems than normal photographic
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Ficure 11. Mapping of wetlands for their management and preservation can be accomplished on a
regional basis by color infrared and black-and-white infrared photography from space.

and imaging techniques and are covered in other
papers presented at this workshop.

GEOGRAPHY

The discipline of geography is a major link
between the resource scientist and society in general.
Figure 12 shows the functions, products, goals, and
clients of the geography program conducted by the
U.S. Geological Survey. The goals involve the pre-
diction of development and environmental changes
which can lead to policy and management decisions
for improved land use and environmental quality.
To reach this goal, remote sensing data in many
fields are used to map the status of lands, peoples,
and environments; and to delineate the changes and
rates of change of significant features. Two brief
examples of such products will be given.

Figure 13 is a photograph from the Gemini 5
spacecraft of the Imperial Valley of California, an
irrigated farming region. Along with this photo-
graph is a map of land use in that region. Knowl-
edge of the ways in which the land is used and of
trends and changes in its use is of paramount
importance in decisions on future development and
on the consequences of present development.
Methods of mapping land use from space photogra-
phy are simple and straightforward and can be
readily applied to information obtained from the
ERTS program.

Figure 14 is an example of metropolitan land-use
mapping made from an Apollo infrared photograph
of the Phoenix metropolitan area in Arizona. Map-
ping of agricultural, urban, and other land uses is
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Ficige 12. U.S. Geological Survey geography program functions, products, clients, and goals.

readily done from such a photograph. As part of
the geography program, we have obtained high-
altitude aerial photographs of 26 major cities within
the United States during the past year. Information
on land use mapped from those photographs will be
correlated with census data taken in these cities in
1970 to form a data base. Images of the same areas
are to be obtained by the ERTS; they will be ana-
lyzed for changes and trends in land use. An infor-
mation system will be developed on the basis of such
research. This system should provide usable and
timely information updated at short intervals for
planning purposes.

SUMMARY

In summary, basic research in applications of
remote sensing to geology, hydrology, and geogra-
phy has led to a determination of the feasibility of
these techniques for obtaining significant informa-
tion for use in management. It also provides an
integration of the resource and environmental studies
that historically have been conducted on separate
bases. The ERTS experiment is a large-scale test of
the feasibility of the data and information tech-
niques. We will be working diligently to make this
experiment a success, and we invite your participa-
tion in the program.



66 EARTH RESOURCES SURVEY SYSTEMS

LAND USE KEY
.‘V"M'wfcé lond {ntense veqgeiation)
[ TJagncuturat tand (fation

Bl ubantand umts

[Jvecant tond

Ficure 13. Land use can be mapped from space photographs. The map at right was made from
the photo at left, which is a portion of a larger space photo of the area around Salton Sea,

California.
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Ficure 14. Metropolitan land use in the Phoenix, Arizona, area has bheen mapped from space
photographs.
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In January of this year President Richard Nixon
transmitted to the Congress of the United States his
annual Aeronautics and Space Report. Included in
his letter of transmittal were several references to
the potential usefulness of aircraft and spacecraft
for the inventory of Earth resources. He pointed
out that “the potential benefits of a viable Earth
resources survey program have aroused substantial
international interest” and that “we must apply
space-related technology to the effective use of our
resources.” He further stated that “Earth resource
survey satellites are planned for use, when available,
to all interested countries.”

Judging from the impressive roster of delegates
attending this International Workshop and Sym-
posium on Remote Sensing, there already are a
great many “interested countries.” Many delegates
have requested that, when the first Earth Resources
Technology Satellite (ERTS-A) is launched a scant
10 months from now, remote sensing data be ac-
quired from it of Earth resources in their respective
countries. It is gratifying to know that their interest
in such data is not solely because of possibilities
thus offered for finding previously overlooked de-
posits of minerals, petroleum, or other nonrenew-
able resources in their countries. Much interest is
expressed also in the possibilities such data will
offer for monitoring and managing various renew-
able resources, such as timber and agricultural
crops, thereby placing their countries on a sustained
yield basis for the production of commodities de-
rivable from these resources.

It is primarily with this latter category of re-
sources that my paper will deal. Furthermore, just
as NASA deals with both air and space, so my paper

will deal with both aircraft and spacecraft as the
platforms from which remote sensing of agricultural
and forestry resources can be accomplished.

RATIONALE FOR THE REMOTE SENSING
OF AGRICULTURAL AND FOREST
RESOURCES

Man will soon be confronted with one of the most
serious crises of his existence. Basically, this crisis
is developing because the world’s population is
rapidly increasing at the very time when many of
its natural resources have dwindled to a very low
level. The supply-vs.-demand problem is made even
more serious by another recent development. Within
the past decade a greatly increased “awareness of the
have-nots,” combined with an almost insatiable de-
mand of the “affluents” for an ever-higher standard
of living, has resulted in a tremendous increase in
the per capita demand for earth resources at virtually
every economic level in nearly every country of
the world.

In view of these critical circumstances, we need
the wisest possible management of the Earth’s re-
sources. An important first step leading to such
management is that of obtaining resource inven-
tories accurately and frequently.

There are two primary reasons why the inventory
of timber, agricultural crops, and other natural re-
sources can be facilitated through the use of photog-
raphy taken from aircraft or spacecraft. The first of
these is clearly implied in the simple statement that
“the face of the land looks to the sky.” The task of
inventorying the Earth’s resources is, first of all,
one of delineating boundaries between one resource
characteristic and another. When confined to Earth,

67
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man often has great difficulty both in recognizing
and in delineating these boundaries. This difficulty
is attributable mainly to the limited visibility of
terrain features that is afforded him, especially in
areas where the topography is heavily dissected. In
contrast, a “continuous plotting” of resource bound-
aries often can be performed on vertical photos
taken from either an aircraft or an Earth-orbiting
spacecraft.

The second reason for using aerial or space
photography results from the sheer vastness of the
areas in which Earth resource surveys must be made.
It is only from aircraft or spacecraft that the broad
synoptic view, so essential for the quick and eco-
nomical delineation of Earth resource features, can
be obtained. The fact that such vast areas can be
photographed quickly and under relatively uniform
lighting conditions constitutes an additional ad-
vantage resulting from the use of aircraft or space-
craft.

To better appreciate how improved resource in-
ventories can lead to improved resource manage-
ment, we need to recognize the three successive steps
involved in the management of natural resources:
inventory, analysis, and operation.

In the inventory step (the one with which most
of this paper will deal), an effort is made to deter-
mine how much of what is where throughout the
area to be managed. The what in this instance
usually refers to such specific resources as timber,
forage, agricultural crops, or other forms of vegeta-
tion and to the soil and water resources that sustain
vegetation.

In the analysis step, certain decisions are made
as to how the resources are to be managed. Such
decisions are arrived at by considering two kinds
of information: (1) information as to the amount
and disposition of resources within the area that
is to be managed, such information having been
obtained in the preceding inventory step; and (2)
information as to the costs likely to be incurred and
the benefits likely to accrue by applying to these
resources each of several management measures.

For example, will the benefit exceed the cost if we
build a dam, control an infestation of weeds, or
apply fertilizers to impoverished soils? Answers to
such questions are in the process of changing be-
cause the world’s dwindling supply of Earth re-
sources, combined with the ever-increasing demand,

is prompting even the economist to take a second
look at his cost-benefit ratios. Only a few years ago
forest economists in the United States usually said
“We cannot afford to plant after clear-cut logging.”
Now they usually say “We can’t afford not to plant.”
In the operations step, decisions reached in the
analysis step are implemented. On the one hand,
these decisions are not likely to be wise unless the
preceding steps (inventory and analysis) have been
properly executed. On the other hand, regardless of
the care with which steps 1 and 2 have been executed,
nothing of consequence is done until the third step
is taken. This is so because the goal is to achieve
more intelligent management of the resources and
thereby accomplish such specific objectives as in-
creasing the yield of croplands and wildlands.

USER REQUIREMENTS FOR INFORMATION
ON AGRICULTURAL AND FOREST
RESOURCES

Primary emphasis in the present section is given
to vegetation resources and information desired by
agriculturists and foresters. Similar information
could be given about other resources (soil, water,
etc.), but to do so here would make my presenta-
tion unduly long and cumbersome.

As we begin a consideration of user requirements
for information about vegetation resources, table 1
provides a useful point of departure. This table in-
dicates that there are only four main categories of
vegetation for which information is sought, viz,
agricultural crops, timber stands, rangeland vegeta-
tion, and brushland vegetation. Starting with the
left-hand column of the table we see that, by and
large, the users of agricultural crop data need only
six categories of information, viz, crop type, crop
vigor, crop-damaging agents, crop yield per acre
by type, crop acreage by type, and total yield. Pro-
ceeding to the other three colmuns of table 1, we
note that essentially these same six categories of
information are sought by managers of timber lands,
rangelands, and brushlands.

Various potential users of information about
vegetation resources have differing requirements as
to the speed with which information must be proc-
essed, once the raw data have been collected, and
also as to the frequency with which the information
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Table 1. Type of information desired for vegetation resource data

69

For
agricultural crops

For
timber stands

For
rangeland forage

For
brushland vegetation

Crop type (species and
variety)

Timber type (species
composition)

Forage type (species
composition)

Vegetation type (species
composition)

Present crop vigor and state
of maturity

Present tree and stand vigor
by species and size class

Present “range readiness”
(for grazing by domestic or
wild animals)

Vegetation density

Prevalence of crop-damag-
ing agents by type

Prevalence of tree-damag-
ing agents by type

Prevalence of forage-dam-
aging agents (weeds,
rodents, diseases, etc.) by
type

Other types of information
desired will depend upon
primary importance of the
vegetation (whether for

watershed protection, game

Present volume and
prediction of probable
future volume per acre by
species and size class in
each stand

Prediction of time of
maturity and eventual crop
yield per acre by crop type
and vigor class

habitat, aesthetics, etc.).
Present animal-carrying
capacity and probable
future capacity per acre by
species and range condition
class in each forage type

Total acreage within each
stand type and vigor class

Total acreage within each
crop type and vigor class

Total acreage within each Same as above
forage type and condition

class

Total present yield by
crop type

Total present and probable
future yield by species and
size class

Total present and probable | Same as above
future animal-carrying

capacity

must be updated. This consideration has led to my
compiling a second table (table 2) in an effort to
document in concise tabular form the various user
requirements for vegetation resource data.

Note that table 2 uses the same headings as table
1 for the four vertical columns. Table 2 also lists
six time intervals that are indicative of the fre-
quency with which various kinds of information
about vegetation resources are needed.

In considering relationships between the fre-
quency with which Earth resource data should be
collected and the rapidity with which these col-
lected data should be processed, the writer has
found it useful to employ the term “half-life” in
much the same way as it has been employed by

radiologists and atomic physicists. The shorter the
isotope’s half-life, the more quickly a scientist must
work with it once a supply of the isotope has been
issued to him. One half-life after he has acquired
the material, only half of the original amount is
still useful; two half-lives after acquisition, only a
quarter of the original amount is still useful, etc.

This half-life concept applies remarkably well to
nearly every item listed in table 2. Specifically, if
the desired frequency of acquisition of any informa-
tion is divided by two, a figure is obtained indicat-
ing the time after data acquisition by which the
information should be extracted from the data. It
is true that some benefit will accrue even if the
information does not become known until sometime
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Table 2. Frequency with which information is needed for vegetation resource data
(examples only)
(To convert this information to rapidity with which information is needed, see text.)
For brushland
Interval For agricultural crops For timber stands For rangeland forage vegetation
10 to 20 Observe the advancing waterline | Detect the start of Detect the start of Detect the start of
minutes in croplands during disastrous forest fires during rangeland fires during | brushfires during
floods. Observe the start of periods when there periods when there is | periods when there is
locust flights in agricultural is a high fire danger | a high fire danger a high fire danger
areas rating rating rating
10 to 20 Map perimeter of ongoing floods | Map perimeter of Map perimeter of Map perimeter of
hours and locust flights. Monitor the ongoing forest fires ongoing rangeland ongoing brushfires
Wheat Belt for outbreaks of fires
black stem rust due to spore
showers
10 to 20 Map progress of crops as an aid | Detect start of Update information Update information on
days to crop identification using insect outbreaks in on range readiness times of flowering
“crop calendars” and to timber stands for grazing and pollen production
estimating date to begin harvest- in relation to the bee
ing operations industry and to hay
fever problems
10 to 20 Facilitate annual inspection of Facilitate annual Facilitate annual Facilitate inspection
months crop rotation and of compliance | inspection of fire- inspection of fire- of firebreaks
with federal requirements for breaks breaks
benefit payments
10 to 20 Observe growth and mortality Observe growth and | Observe signs of range | Observe changes in
years rates in orchards mortality rates in deterioration and “edge effect” of
timber stands study the spread of brushfields that affect
noxious weeds suitability as wildlife
habitat
20 to 100 | Observe shifting cultivation Observe plant Observe plant succes- | Observe plant succes-
years patterns succession trends sion trends on sion trends in brush-
in the forest rangelands fields

a certain unity can be found in these two tables. By
studying them not just individually, but in concert,
we can better appreciate the true nature of the multi-
faceted user requirement that we seek to satisfy by
the remote sensing of vegetation resources.

later. But the rate at which the value of the infor-
mation decays is in remarkably close conformity to
the half-life concept.

Each item in table 2 can be placed in one of the
six categories of information listed in table 1. Thus,
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GENERAL PROCEDURE TO BE FOLLOWED
IN THE INVENTORY OF AGRICUL-
TURAL AND FOREST RESOURCES

Specific examples given in a later section of this
paper will illustrate some uses which can be made
of remote sensing for the inventory of agricultural
and forest resources. It should be helpful at this
point to describe one such process in detail. The
stepwise procedure described below pertains to the
use of aerial photos, at a scale of approximately
1:20 000, for making timber volume inventories.
Later examples will show how this procedure can be
modified when multistage sampling with aerial and
space photography is possible.

1. The total allowable expenditure of time and
money for the timber volume inventory is ascer-
tained.

2. The most suitable photography of the area,
consistent with cost limitations, is procured.

3. The timber volume classes to be recognized on
the photos are defined, typically, in terms of the
stand-height range and crown-closure range to be
embraced by each class. Some field checking usually
must be done concurrently to establish “ground
truth.” Care must be taken at this point to be sure
that enough classes are recognized to make the
classification useful while avoiding the establish-
ment of more classes than can be consistently identi-
fied on the photos, lest this lead to inaccuracies
which will negate the value of the whole classifica-
tion procedure. Furthermore, the classes should
roughly conform to the expected range of heights
and densities to be encountered in the area to be
classified; otherwise, most of the plots might fall
into one or two classes and nullify the primary ob-
jectives of classification.

4. From preliminary time-cost analyses, the aver-
age cost per field plot and per photo plot are de-
termined, since it will be highly desirable to field-
check several of the photo plots.

5. Also from preliminary analyses, a measure of
standard deviation within photo volume classes and
variance between photo volume classes is obtained.

6. From the information obtained in these pre-
liminary steps, a determination is made of the
number of ground plots and photo plots that should
be taken.

7. The required photo plots are pinpointed on the
photos in such a way as to achieve either a systematic
or a random distribution of plots throughout the
area.

8. Each photo plot is studied stereoscopically,
measurements of its stand height and crown closure
are made, and these figures are entered in the aerial-
photo stand-volume table to compute the stand
volume of the plot.

9. Distribution is made of the previously calcu-
lated number of ground plots so that the appropriate
number will be obtained in each photo-volume class.
In this step a sampling interval is calculated and is
used to decide which photo plots in each class will
also become ground plots. The interval is com-
puted for each class by dividing the number of
photo plots in that class by the number of ground
plots to be taken in the class.

10. Field measurements of the timber of each
ground plot are made, and from these measurements
the timber volumes on the ground plot are com-
puted. These volumes are then applied to the photo
plots also, class by class.

11. The forest area within each volume class is
determined, either by using a separate dot-grid
count or by using the proportion of the interpreted

plots occurring in each class to determine the pro-

portion of the total area which should be allocated
to that class.

12. The average timber volume per unit area per
class is found and the timber-stand volume for the
entire property is computed from the sums of the
volumes in various classes.

Numerous modifications of the foregoing proce-
dure can be made to adapt it to any specific timber
inventory problem. In analyzing the nontimber vege-
tation resources of an area, basically the same
procedures can be followed.

Information contained in the preceding para-
graphs relative to vegetation surveys is equally
applicable to soil surveys, hydrologic surveys, or
surveys of most other resources of interest to the
farmer or forester with respect to (a) procuring the
best aerial photos consistent with budgetary limita-
tions; (b) preliminary checking of representative
areas in the field, photos in hand, in order to develop
the photo-recognition features of salient types; (c)
measuring distance, direction, slope, and area; (d)
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determining the relative amounts of field checking
and photo interpretation which should be performed
during the course of the survey; and (e) compiling
the final map and related statistics.

The figures which accompany this paper pro-
vide additional details on the means by which
various types of Earth resources and land use cate-
gories can be inventoried with the aid of remote
sensing techniques. Once the reader has examined
these figures, he can better appreciate the uses and
limitations of remote sensing techniques. These
points are also summarized in the following two
sections. To avoid making these sections unduly
long and cumbersome, only photography is con-
sidered, rather than considering at each point the
extent to which thermograms, radar imagery, and
other forms of remote sensing data might be used.
Also only vegetation and soil resources of agricul-
tural or forested areas are considered.

IMPORTANT ADVANTAGES OF AERIAL
AND SPACE PHOTOGRAPHS FOR THE
EVALUATION OF AGRICULTURAL AND
FOREST RESOURCES '

A knowledge of the advantages which aerial and
space photographs offer to the Earth resource analyst
may prove of value to him in two ways: (a) It may
serve to enlighten him as to a better way of doing
not only the basic inventory phases of his work,
but many of the associated phases as well; and (b)
It may better enable him to convince a skeptical
superior or other person whose cooperation is
needed that such photographs offer the best solu-
tion to the resource analysis problem. In either
respect, the generalized statements made in this
section will assume greatest significance when
viewed in the light of some specific resource-in-
ventory project.

1. Reliability. The statement that “pictures don’t
lie” is, for all practical purposes, true of good-
quality aerial and space photography. With one
wink of the camera shutter, images of objects on
the Earth’s surface are permanently recorded in
conformity with known mathematical and physical
laws. Through application of these laws, the photo-
graphs lend themselves to very reliable and accurate
measurement and interpretation.

2. Favorable vantage point. The vantage point
offered by aerial and space photos is of particular
importance to a mapper of Earth resources. In at-
tempting to estimate such features as stand density,
type boundaries, and general topography, the ground
observer frequently is handicapped because of the
restricted visibility imposed by both vegetation and
terrain. Often he feels that he could assess condi-
tions much better if only he could hover above the
terrain and leisurely look down upon the entire area
that is to be inventoried. Aerial and space photo-
graphs, in effect, provide him with that opportunity.

3. Detail. An aerial or space photograph of good
quality presents almost infinite detail. It shows even
more detail than could be seen with the naked eye
from the same camera station, since in taking such
photographs it is possible to use a lens which has
much greater light-gathering power than the human
eye and a photographic film-filter combination
capable of penetrating haze and eliminating glare.
For example, on conventional 1:20 000-scale vertical
photography, taken from an altitude of 4 kilometers
above the Earth’s surface, small bushes and trees
with crown diameters of only 1 meter are recogniz-
able individually, and narrow linear objects such
as trails, pipelines, and even fences are frequently
identifiable. On space photographs obtained by the
Apollo and Gemini vehicles, resolution often has
been poorer than this by two orders of magnitude.
The combination of such aerial and space photo-
graphs, however, when used in a multistage sam-
pling scheme, can provide a very powerful set of
inventory tools.

4. Completeness of coverage. The photo inter-
preter can study vegetation and soil conditions in
100 percent of the area with which he is concerned.
The ground survey crew, by contrast, can rarely
make a detailed study of more than 5 to 10 percent
of the area and must assume this sample to be repre-
sentative of the entire area. The photo interpreter
usually can see such features as roads, streams,
ridgelines, vegetation-type boundaries, and some-
times even soil-type boundaries throughout their
entire extent and can therefore employ ‘“‘continuous
plotting” methods when mapping them. The ground
mapper often must interpolate the portions of these
features which he never sees while running widely
spaced strips through the area.

5. Depth perception. If two aerial photographs of
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an area taken from different camera stations are
properly viewed simultaneously, a three-dimensional
image is obtained which greatly facilitates photo-
graphic interpretation. Under favorable conditions,
and with the aid of rather inexpensive photogram-
metric instruments, the trained photogrammetrist
can measure heights of trees and differences in
ground relief with an average error of less than 6
meters on 1:20 000-scale aerial photos, and he can
delineate contours with sufficient accuracy for many
resource planning purposes. However, as might be
expected, depth perception on space photographs
often is at least one order of magnitude poorer than
on such aerial photographs.

6. Ease of interpretation. The shape, tone, texture
and relative size of objects appear much the same on
a photograph as they would to the naked eye if
viewed from the camera station. It therefore is
frequently easier to interpret a photograph than
even the most carefully prepared map, because the
latter must resort to the use of symbols. The three-
dimensional nature of the photographic image
further facilitates its interpretation.

7. Opportunity to extend limited ground obser-
vations. Such features as species and soil types
sometimes cannot be interpreted directly from aerial
or space photographs. However, ground observa-
tions made with field binoculars from favorable
vantage points can give such information for various
spots identifiable on the photos. Then, by photog-
raphic interpretation, the areas in which determina-
tions have been made can be compared with other
areas having a similar photographic appearance.
Type boundaries can then be delineated on the
photographs and transferred to a type map. Further-
more, this can be done without the ground ob-
server’s having to keep track at all times of his
bearing and distance from some reference point.
By such use of aerial and space photos to extend
limited ground observations, the amount of field
work required on a variety of resource evaluation
problems can be appreciably reduced.

8. Ease of measurement. Many measurements of
distance, direction, and height which, prior to the
advent of aerial and space photography, could be
made only in the field by the resource mapper, now
are made with comparable or even superior accuracy
directly on the photographs. In making measure-
ments in the field, crews may be hampered by poor

visibility, fatigue, adverse weather conditions, and
the pressure of trying to complete a given set of
field measurements in time to return to base before
nightfall. None of these adversities need hamper the
photogrammetrist who, by working under the more
favorable and uniform conditions of his office, is
capable of making unhurried measurements with a
consistently high order of accuracy.

9. Ease of checking for sources of error. If a field
traverse (of the type sometimes required in making
Earth resource surveys) fails to close, it may be
necessary to repeat the entire traverse in order to
detect the source of error. However, if a photogram-
metric traverse fails to close, the source of error
usually is readily found. Similarly, the field super-
visor who attempts to check the work of several
field crews may find that a large part of his time is
spent merely in traveling from one crew to another.
The photogrammetric or photo interpretation super-
visor ordinarily does not encounter this difficulty
because the modest office space requirements of his
staff make for compactness of the unit.

10. Opportunity for study of the area during the
entire year. In many of the less developed areas,
inclement weather hampers or prevents the per-
formance of important field activities, including
topographic mapping and timber cruising (i.e.,
timber volume estimation). Those who are expert
in the performance of these types of field work can
therefore be hired only seasonally, unless it is pos-
sible for the employer to tide them over with other
forms of work, at which they usually are less
proficient. The use of aerial and space photographs
by resource mappers appreciably decreases the
amount of field work required. By proper planning
it usually is possible to have the crews complete
field work during periods of favorable weather and
to perform, in the office, some photogrammetric
and photo interpretation phases of the same project
during slack periods caused by inclement weather.
This results in greater continuity of employment
and in performance by the same individual of both
the field and office phases of vegetation-soil evalua-
tion projects in which photos are used. Such an
arrangement is highly desirable since it gives the
photo user an opportunity to make frequent field
checks as to the accuracy of his interpretations. The
opportunity for study of aerial and space photo-
graphs during the entire year is of further advantage
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to those who may wish to know immediately what
the Earth resource conditions are in a given area
which at the moment is not accessible for ground
study.

11. Rapidity of obtaining inventory data. In many
of the less developed parts of the world, areas in
which vegetation and soil resources are to be
evaluated are vast, extremely difficult to reach, and,
once reached, must be laboriously studied. Since the
obtaining of inventory data is the first step in the
development of the resources inventoried, it is very
desirable to have a rapid means of obtaining this
information so that resource development on a large
scale can be undértaken promptly. The efficient use
of aerial and space photos, combined with only a
limited amount of field work, provides such a means.

12. Suitability for comparative studies. Often the
vegetation expert or soil scientist who is making
studies in plant succession, soil erosion, growth, and
related phenomena has need for detailed informa-
tion regarding conditions as they existed in the
area at various periods of time prior to the present
study. Aerial or space photography obtained peri-
odically of the area being studied constitutes an
irrefutable means of dating events and situations in
the area of interest.

13. Suitability for filing. Because of their con-
venient and uniform dimensions, compactness, per-
manency, and systematic numbering, aerial and
space photographs are ideally suited to filing. They
are so placed in a vertical file cabinet that the title
and number designation of each print appear at the
top where they are easily read when leafing through
a folder of photographs. When it is desired to view
the photographic prints of a given area, the numbers
of the prints covering that area are readily deter-
mined by reference to a photo index. The desired
prints can then be located in the file cabinets in a
matter of a few seconds. Because of their com-
pactness, approximately 6000 prints can be filed in
a single vertical file cabinet of standard size. At a
scale of 1:20000 with conventional amounts of
overlap, these prints would cover nearly 40000
square kilometers. (By contrast, one typical space
photograph covers an area of 26 000 km?.)

14. Economy. The savings which can be effected
through the intelligent use of aerial and space
photographs in making resource evaluations, while
known to be great, are very difficult to estimate.

There may be not only a reduction in the cost of
doing a given job through the use of such photo-
graphs, but also an appreciable increase in the
accuracy obtained and a decrease in the time re-
quired to obtain sufficient information to commence
development of resources. The indirect savings, con-
sequently, may be even greater than the direct ones.
In the United States, the cost of having 1:20 000-
scale aerial photos taken varies from less than $2
to more than $12 per square kilometer, depending
upon such factors as size and shape of the area to be
photographed, proximity to an airfield, and fre-
quency of days suitable for the taking of photo-
graphs. The cost of purchasing overlapping prints
from existing photography of the same scale is about
12 cents per square kilometer. These photographs,
once procured, can be used in a variety of ways, in-
cluding the preparation of several kinds of maps
(planimetric, topographic, vegetation type, soil type,
etc.), the preliminary location of transportation
routes, and the preliminary location of sites wherein
the soils and climatic factors are favorable for the
production of certain kinds of crops. Until it is
known how many of these uses will be made of the
photographs, it is difficult to know how to prorate
the cost of procuring them and making base maps
from them on which to plot resource inventory data.
In general, however, the larger and less accessible
the area in which a resource inventory is to be made,
the greater the savings effected, per unit area,
through use of aerial photographs. The use of a
typical unmanned space vehicle in the near future
will entail an estimated cost of 3 to 5 million dollars.
However, if placed in polar orbit, it can photograph
the entire globe several times, weather permitting.
When the total cost is prorated over so vast a land
area, the cost per unit area is even less than that of
conventional aerial photography. At present, of
course, it is not realistic to assume that a substan-
tial use would be made of such photography for all
of the land area photographed.

IMPORTANT LIMITATIONS OF AERIAL AND
SPACE PHOTOGRAPHS FOR THE EVALU-
ATION OF AGRICULTURAL AND FOREST
RESOURCES
A knowledge of the limitations which aerial and

space photographs impose on the Earth resource

analyst should prevent him from making serious
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errors in estimating the speed and accuracy with
which he will be able to evaluate Earth resources.
The following are among the more important of
these limitations.

1. Aerial and space photographs do not entirely
eliminate field work. For example, the determina-
tion of such important items as timber-species
composition, current rate of growth, merchantable
length of stem, taper of stem, and amount of defect
usually must be made with the aid of frequent on-
the-ground checks. Likewise, if accurate base maps
are to be constructed photogrammetrically on which
the Earth resource information can be plotted, work
on the ground is required in establishing the basic
network of horizontal and vertical control points,
the names of certain features, and the location of
property boundaries. Field work also may be neces-
sary to determine the exact course followed by
secondary roads and trails which wind beneath a
dense canopy of tree crowns. The configuration of
contours or the nature of understory vegetation in
areas defiladed from the camera station by inter-
vening foliage or obscured by dense shadows like-
wise can be determined only through the making of
numerous field observations.

2. Prolonged training and careful supervision of
photogrammetric and photo interpretation personnel
may be required. A student can be taught to do
reliable timber cruising or soil and vegetation type
mapping by strictly ground methods in a relatively
short time. If he is to learn methods involving the
use of aerial or space photographs, prolonged train-
ing may be required. For example, a training period
of 6 weeks or more may be required to teach the
student how to do reliable timber-stand classifica-
tion from aerial photographs. Furthermore, frequent
expert supervision of his photographic interpreta-
tion coupled with periodic field checks is necessary
to ensure that he does not gradually and erroneously
revise his impression as to the photographic char-
acteristics of the various timber-stand classes. Even
a matter as straightforward as the estimation of tree
heights by measurement of photographic parallax
may require upwards of 100 hours of training be-
fore the student has mastered the “feel” of making
correct photo measurements. He obviously can be
taught ground methods of reliably measuring tree
heights in a much shorter period.

3. Scale usually varies throughout a photograph.
A map of a small area, being an orthographic pro-
jection of a portion of the Earth’s surface, shows
all objects at constant scale and in the same plan-
relation to each other that they bear on the ground.
Therefore true directions, distances, and areas can
be determined directly from a map. An aerial
photograph, being a perspective projection of a
portion of the Earth’s surface, is subject to relief
displacements. (Such displacements usually are
negligible on space photographs.) In addition, both
aerial and space photographs usually contain tilt
displacements. For these reasons they do not show
all objects in their true relative positions at constant
scale. Accordingly distances, directions, and areas
as estimated directly from measurements made on
such photographs may be very seriously in error
unless the photos are suitably rectified. This process
is performed routinely and at low cost in many large
photogrammetric projects, however.

4. Photographs may emphasize the wrong features.
Objects which are in direct sunlight and in direct
view from the camera station tend to appear the
most conspicuous on aerial and space photographs
regardless of their importance to the resource
analyst. For example, aerial photography of a
forested area often reveals a wealth of relatively
unimportant tree-crown detail at the expense of
showing clearly such important features as roads,
trails, streams, understory vegetation, rock outcrop
beneath the trees and, indeed, the soil itself. To
those charged with evaluating and developing the
resources of an area, the importance of the latter
features usually is greatest in areas having the
highest merchantable timber volume, whereas the
opportunity to discern them on aerial photographs
usually is poorest in such areas.

5. Photographs may rapidly become outdated. A
wildland or agricultural area is not a static com-
munity, but one which is constantly changing. Cur-
rent aerial and space photography may be very
useful for making vegetation and soil inventories,
insect and disease appraisals, soil erosion analyses,
snow surveys, and related studies. However, photog-
raphy taken at an earlier date may be worse than
useless for such studies if it leads to fallacious con-
clusions as to the present nature of the area, derived
from obsolete photographic data.

6. A single photograph rarely shows all of the
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desired area. Boundaries of the area shown on a
single aerial photograph usually bear no relation to
boundaries of the area of interest to a soil scientist
or vegetation analyst. Commonly the photo shows
only part of the desired area and also shows parts
of surrounding areas with which these men are not
concerned. They therefore may find it netessary to
“piece together” a number of photos in order to get
an overall picture of the area of interest. In con-
trast, a map can be made of such dimensions as to
show the entire area at a common scale on a single
sheet. While the foregoing constitutes a very real
limitation to the direct use of aerial photographs, it
is to be emphasized that the map which overcomes
this difficulty, as well as some of the difficulties pre-
viously mentioned, often can best be made from
the aerial photographs. In addition, it must be
realized that a typical space photograph often pre-
sents no problem whatever in this regard.

SOME SPECIFIC EXAMPLES OF THE USE
OF REMOTE SENSING IN AGRICULTURE
AND FORESTRY

Determining the Vigor of Vegetation

As indicated in table 1, all managers of vegetation
resources are interested in monitoring the vigor of
plants which they seek to manage. At present, the
best possibility for determining the vigor of vegeta-
tion is usually offered through photographically
recording foliage reflectance in the near infrared
(figure 1). The reason has not yet been fully as-
certained, but the most probable explanation is as
follows.

The spongy mesophyll tissue of a healthy leaf,
which is turgid, distended by water, and full of air
spaces, it a very efficient reflector of any radiant
energy and therefore of the near infrared wave-
lengths. These wavelengths pass through the inter-
vening palisade parenchyma tissue (which absorbs
blue and red and reflects green from the visible).
When its water relations are disturbed and the
plant starts to lose vigor, the mesophyll collapses,
and as a result there may be great loss in the re-
flectance of near infrared energy from the leaves
almost immediately after the damaging agent has
struck a plant. Furthermore, this change may occur
long before there is any detectable change in re-
flectance from the visible part of the spectrum, since

Ficure 1. Late blight of potato is more easily discerned
on infrared film (B) than on panchromatic film (A).
(Courtesy Manzer and Cooper, University of Maine.)

no change has yet occurred in the quantity or
quality of chlorophyll in the palisade parenchyma
cells.

To detect this change photographically, a film
sensitive to these near infrared wavelengths is used.
Black-and-white infrared-sensitive films are sensi-
tive not only to the near infrared but also to much
of the visible spectrum. To obtain maximum tone
contrast between healthy and unhealthy foliage at
this early date in the development of the disease, we
should use only the near infrared region, where
changes in reflectance have occurred. Consequently,
a deep red filter (Wratten 89B) is commonly used
in conjunction with the infrared-sensitive film, since
this filter effectively prevents the unwanted wave-
lengths from reaching the film. On positive prints
made with this infrared-89B combination, healthy
plants consistently appear lighter in tone than un-
healthy ones. Panchromatic or conventional color
photography (e.g., aerial Ektachrome) taken at the
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Ficure 2. These three simultaneous photos illustrate the value of multiband photography for the
identification and analysis of “mosaic disease” on sugar beets grown in an experimental plot
on the Davis Campus of the University of California. Diseased areas are of the same tone as
bare soil in the middle and right photos; hence, the left photo is needed to show which parts
of the field are devoid of vegetation. The most recently infested areas appear dark in tone on
the infrared photo (arrow) before they appear light in tone on the middle photo, which was
taken with panchromatic film and a light, haze-cutting filter, thus recording only the visible
portion of the spectrum. Hence the middle and right photos are needed to differentiate recent
from older disease infestations and thereby measure rate and direction of spread. The three-band
“tone signatures” summarized below are thus seen to be necessary and sufficient for differentiating
the four resource categories of interest in this area:

Tone as a function of spectral bhand
Type of resource feature Ultraviolet Visible Infrared
Bare ground Light Light Dark
Healthy vegetation Dark Dark Light
Recently diseased vegetation Dark Dark Dark
Previously diseased vegetation Dark Light Dark

same time, however, shows little or no tone difference
between the healthy and the unhealthy plants, re-
gardless of the filter used. (As the term panchro-
matic implies, this film is sensitive to all colors of
the visible spectrum.) Corollary to the fact that at
this early date we cannot obtain a tone difference
between healthy and diseased plants on panchro-
matic or aerial Ektachrome film, neither can we see
a color difference with the naked eye. This leads to
the rather startling conclusion, already borne out by
numerous tests, that a loss of vigor in many plants
can be seen more readily on infrared photography
taken from an altitude of several kilometers above
the Earth’s surface than by an expert on the ground
as he walks through the fields.

Eventually the loss of vigor may also lead to a
reduction in the chlorophyll content of leaves and to
an unmasking of the yellow pigments. By that time
the unhealthy plants exhibit a characteristic yellow-

ish appearance, in contrast with the normal green
plants; and this difference in spectral reflectance
can be discerned on panchromatic photography
taken with either a minus blue (Wratten 12) or a
light red (Wratten 25A) filter. (See figures 2 and 3.)

False color films that have infrared sensitivity
also can be used in the early detection of loss of
vigor in plants. The purpose of the false color is to
accentuate certain features and facilitate the making
of certain distinctions, even at the expense of mak-
ing features of lesser importance less interpretable.
One such film is Kodak Infrared Aero film (E-3
process) which also is referred to either as infrared
Ektachrome or color infrared film. Since the film
is normally exposed through a Wratten 12 filter,
blue light does not contribute to formation of the
image. The three dyes of this film respond to green,
red, and infrared wavelengths, respectively, with the
net result that green objects (except healthy vegeta-
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Ficure 3. Panchromatic vertical aerial photograph of orchards in the Santa Clara Valley of
California in which the light-toned circular spots indicate areas where the stone fruit trees
(mainly prunes and apricots) are suffering from attacks by the oak root fungus (Armillaria
mellea).

tion, which is also highly infrared reflective) ap-
pear blue, red objects appear green, and infrared-
reflective objects which have relatively low reflec-
tance in the visible part of the spectrum (such as
healthy vegetation) appear red.

Because of the unusual colors with which features
are rendered on infrared Ektachrome film, we would
do well to describe the unique properties of this
film. This is doubly important because image color
is used to such an extent in identifying vegetation
types and estimating plant vigor on this type of
photography. Consequently, unless the photo inter-
preter knows the spectral responses of the three-
layer emulsion comprising that film, he is likely to
make many erroneous interpretations of photogra-
phy taken with it.

Infrared Ektachrome is known as a “subtractive
reversal” color film. In such a film, dye responses
(when the film is processed) are inversely propor-
tional to the exposures received by the respective
emulsion layers. In devising infrared Ektachrome
film, the manufacturers had one major objective
in mind: that of causing healthy vegetation to ex-
hibit a strong photographic color contrast with re-
spect to all other features. More specifically, it was
decided that a substractive reversal photographic
film should be devised on which healthy vegetation
would appear bright red while everything else would
appear in colors other than red. To accomplish this
objective, it was necessary to exploit the fact that
healthy vegetation exhibits very high infrared re-
flectance and relatively low reflectance of visible

light. Thus, when the manufacturers were devising
the three-layer emulsion of infrared Ektachrome
film, they linked a cyan dye to the infrared-sensitive
layer of the film, and they linked yellow and ma-
genta dyes to the green- and red-sensitive layers,
respectively. Although this film has undergone some
modifications since it was first produced during
World War II as “camouflage detection film,” the
foregoing is an accurate description of its present
characteristics. Whatever blue-sensitivity exists in
the three layers is rendered inconsequential through
use of a “minus blue” (Wratten 12 or 15) filter
over the camera lens at the time of photography.
Consistent with the foregoing, and keeping in
mind that dye responses are inversely proportional
to exposures received, the following responses occur
in each area on infrared Ektachrome film where
healthy vegetation is imaged: (1) There is a great
deal of yellow and magenta dye left in the film after
processing, because the film was only weakly ex-
posed to the red and green wavelengths to which
those dyes, respectively, are linked; and (2) there
is little or no cyan dye left in the film after process-
ing because the film was strongly exposed by in-
frared wavelengths to which that dye is linked.
When processed infrared Ektachrome film in
transparency form is viewed over a light table
through which white light is shining (i.e., light
which contains approximately equal amounts of
blue, green, and red), the following factors are
operative in those parts of the transparency where
healthy vegetation is imaged: (1) The concentra-
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tion of yellow dye is so high that blue light is al-
most completely absorbed, (2) the concentration of
cyan dye is so high that green light is almost com-
pletely absorbed, and (3) healthy vegetation appears
red. Since virtually no other features have this
peculiar combination of spectral reflectances, there
are no other features which appear red on the
transparency. Because of its sensitivity to long wave-
lengths and the exclusion of short ones through use
of a Wratten 12 filter, this film has the ability to
penetrate haze exceptionally well.

A false color film containing only two dyes and
known as “SN-2 spectrozonal film” is produced in

the U.S.S.R. One layer of the emulsion responds to
visible wavelengths of energy; the other, to infrared
wavelengths in the 0.7-t0-0.9-um region. During
film development, color dyes are introduced into
both layers to produce images in various colors.

Figure 4 shows several representative examples
of the appearance of healthy and unhealthy vegeta-
tion on infrared Ektachrome photography. The
blue-green color of unhealthy foliage (such as that
to the left of the number 6 on figure 4) is in sharp
contrast to the bright red of healthy foliage (such as
that to the left of the number 7).

A few studies have indicated that loss of vigor in

Ficure 4. Large-scale (1:5000) photograph of portion of NASA Test Site, San Pablo Reservoir,
California. (1) open water of San Pablo Reservoir; (2) shoreline hydrophytes, mainly sedges
and rushes; (3) rangeland forage, mainly wild oats; (4) an old plantation of monterey pine
(Pinus radiata) ; (5) a young plantation of monterey pine; (6) an admixture of poison oak
(Rhus diversiloba) and coyote brush (Baccharis pilularis); (7) healthy laurel trees (Um-
belullaria californica) ; (8) unhealthy coast live oak (Quercus agrifolia), heavily defoliated
by insects; (9) a pure stand of poison oak; (10) pure stands of coyote brush.
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plants is accompanied by reduced transpiration
rates from the foliage with the result that there is
less cooling of the leaves. In such instances the un-
healthy plants, in effect, have a “fever,” just as
unhealthy animals frequently exhibit the same char-
acteristic. Such a condition results in higher thermal
emission from the unhealthy plants, thereby making
them discernible on thermal infrared imagery (e.g.,
in the 8-14 pm wavelength band). Figure 5 is such
a thermal infrared image of the entire San Pablo
Reservoir Test Site of which figure 4 is a part. Be-
cause of the limited resolution, it is not possible to
determine from figure 5 whether there is a thermal
difference between healthy and unhealthy plants.

DENSE BRUSH

BARE SOIL
DAM)

SPARSE BRUSH

However, many other interesting comparisons can
be made between figure 4 (which exploits reflectance
phenomena of resource features) and figure 5
(which exploits emission phenomena). Consistent
with the concept of multiband reconnaissance, more
information about the multiple resources within the
area common to figures 4 and 5 can be discerned
from a comparative analysis of the two figures than
from an analysis of either of the figures alone.

Determining the Species Composition
of Vegetation

Figures 6 through 10 indicate the extent to which
it is possible to determine the species composition

Ficure 5. Thermal infrared imagery of the NASA San Pablo Reservoir Test Site, obtained in the
8-14 um wavelength band from an altitude of 1500 meters at 10:00 p.m. (approximately five
hours after sunsei) in January 1970. Of the resource features shown here, water has the lightest
tone on this positive print because, with its high specific heat and high “thermal inertia,” it has
cooled off the least since sunset. It is therefore warmer than its surroundings and is radiating
more energy to the sensor. Areas covered by dense timber or brush appear almost as light as
the water because the insulating effect of the vegetation has given these areas a high thermal
inertia also. Areas of bare soil and those covered by only a thin mantle of grass already had
cooled off by the time this thermogram was taken. Since such areas have little heat left to give
off, they appear darkest in tone. Note that there is almost a complete reversal of tones in this
thermogram as compared with the photograph (figure 4) of the area within the rectangle
indicated on this figure. (Thermogram courtesy of Cartwright Aerial Surveys)
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of vegetation by means of remote sensing from air-
craft and spacecraft.

On large-scale aerial photos such as the one shown
in figure 6 (scale 1:2500) it is possible to classify
agricultural crops into six major categories or
types. These six categories of crops occur not only
at the NASA Davis Test Site (figure 6) but also in
most other agricultural areas of the world. Once a
given crop category has been identified in a par-
ticular field, reference is made to a detailed photo
interpretation key which further distinguishes

among the specific kinds of crops belonging to that
crop category and known to be grown in the area
that is being inventoried.

Even on large-scale photography it is not always
possible to make positive identifications as to the
specific kinds of crops, field by field. Two ap-
proaches that will facilitate this effort are the use
of multiband remote sensing and the use of crop
calendars.

The first of these approaches is illustrated by the
radar imagery of figure 7, which serves to dif-

O = ORCHARD CROPS
V = VINE AND BUSH CROPS

R = ROW CROPS

C = CONTINUOUS COVER CROPS
I = IRRIGATED PASTURE CROPS
F = FALLOW GROUND

Ficure 6. Panchromatic vertical aerial photograph of an area in California showing the six major
crop types that are found in most of the world’s agricultural areas. The six types can be readily
recognized on photos of the quality shown here. For some agricultural areas, a detailed photo
interpretation key has been constructed to assist in identifying the major crops within each of
these types. Consequently, once the initial identification as to major crop type has been made,
further identification as to individual species and variety of crop frequently is possible through

use of the appropriate key.
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FicurRe 7. An example of K-band radar imagery taken of agricultural fields near Garden City,
Kansas, in the 1-3 cm wavelength range. Light-toned fields are sugar beets. Note that on such
imagery (which can be taken day or night and under nearly all weather conditions) it would
be possible not only to identify certain crop types, but also to determine field shapes and field
acreages. (Photos taken by Westinghouse Corporation under contract with NASA and the
Army Signal Corps)
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Ficure 8. Crop calendar indicating cultivation patterns and duration of each of four major crops
in the Imperial Valley test area (from Pettinger et al., 1969.

ferentiate sugar beets from all other crop types or
field conditions. Within the wavelength range for
which most photographic films are sensitive (ap-
proximately 0.40 to 1.0 um), sugar beet plants have
essentially the same reflectance properties (and
hence exhibit essentially the same photographic
tones) as many other kinds of crops. However,
sugar beet plants have unusually high dielectric
properties, which causes them to appear brighter
than most other kinds of plants on radar imagery
such as that shown in figure 7.

The second approach (use of crop calendars) is
illustrated by figure 8. In most instances this con-
cept can be exploited only through the acquisition
of sequential photos of the area of interest at proper
time intervals during the growing season. Once this
capability is assured, however, the photo interpre-
ter may find it possible to identify crop types merely
by noting the presence or absence of vegetation,
field by field and date by date. When such a simpli-
fied approach is possible, sequential space photog-
raphy (such as that which will be provided at
approximately 17-day intervals by ERTS-A) may be

Ficure 9. Enlargement of part of a Gemini 5 photograph
taken from an altitude of approximately 200 km in
August 1965. This is a black-and-white reproduction
from the Ektachrome transparency. Note the ease with
which one can discern the three major wildland cate-
gories (brush, trees, and bare ground) and the three
agriculture field states (fallow, densely vegetated, and
sparsely vegetated). Crop types are best identified on
sequential space photography through use of a crop
calendar, which merely requires photo interpretation of
field state at two or three specified dates. For further
details see articles by Colwell (1969) and Pettinger
(1969) .
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adequate, at least for those fields which are of
sufficient size to be clearly resolved. Figure 9,
which is an enlargement of part of a space photo-
graph taken by the Gemini 5 astronauts, indicates
the feasibility of using such photography to deter-
mine the presence or absence of crops, field by field,
on any given date.

Our experience to date indicates that temporal
differences in crop types are more diagnostic than
spectral differences. Consistent with this observa-
tion, it appears that crop types are better identified
using multidate photos taken in a single band than
on multiband photos taken on a single date. In either
event the use of an optical combiner to form one
color composite image from several black-and-white
photos (see figure 10) can greatly facilitate the
crop identification task.

In wildland areas the task of determining the
species composition of vegetation by means of re-
mote sensing often entails the use of multistage
techniques. As indicated by figure 9, it usually is
possiblé€; tven on space photography, to distinguish
between wildland and cultivated areas and, within
the wildland areas, those portions that are forested,
brush-covered, or grass-covered. This fact is further

illustrated by the stereo pair of space photos com-
prising figure 11. Space photography, by providing
an overall view of the entire area to be classified,
permits a 100-percent delineation of the major
wildland types and contributes the first stage in a
multistage sampling scheme, even though it may
provide resolution of only 100 to 150 meters. Such
photography may merely permit one to discriminate
between features and thus draw accurate boundaries
to separate them. What also is needed is accurate
identification of resource features on either side of
the boundary. It is for this reason that closer looks
are needed at representative areas, through the
multistage sampling process.

For the second stage, photography of much
higher resolution (e.g., 1 to 1.5 meters) usually is
required (see figure 12), but only of representative
areas selected from a study of the first-stage space
photography. And for the third stage, photography
of still higher resolution (e.g., 7 to 12 cm) usually
is required (see figure 13), but only of still smaller
areas selected from the second-stage photography.

Often the viewpoint is advanced that the com-
plexities of multisage sampling (moderate though
they are) could be eliminated if only it were pos-

Ficure 10. On the left are three Pan-25A photos of an area in Imperial Valley, California, taken

from an altitude of 20 km in March, May, and August, 1969. On the right is a color composite
made from these three photos using an optical combiner. Because of the crop calendar concept,
a unique “color signature” is thus produced for each crop type, as discussed in the text.
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Ficure 11. Stereo pair of space photographs of an area in southern Arizona on which the three
major vegetation/terrain conditions are readily delineated: (1) nearly flat terrain with white
thorn, tarbrush, and creosote brush; (2) hilly terrain with mesquite along draws and a sparse
cover of mixed xerophytes elsewhere; and (3) mountainous terrain mainly with an oak wood-
land/juniper/chapparal vegetation cover. Compare outlined area with large-scale photos of
figure 14.

sible to have high-resolution imagery of the entire
area that is to be inventoried. Then, it is argued,
there would be no need for imagery of moderate to
low resolution. In evaluating this viewpoint we may
find it helpful to compare that part of the low-
resolution space photos appearing in figure 11 with
the same area as imaged on the much higher-resolu-
tion aerial photo of figure 14. On so doing we will
find, as in countless other instances, that the im-
portant major resource boundaries are delineated as
accurately on the low-resolution space photos as
on the high-resolution aerial photos. Furthermore,
experience has shown that on the space photos those
major boundaries are delineated more consistently
throughout a vast area, especially if more than one

photo interpreter is involved in the task. In any
multistage sampling scheme this factor of con-
sistency of category delineation assumes very great
importance. In addition, a comparison of figures
11 and 14 will clearly show that such boundaries
can be delineated much more quickly on the space
photos than on the aerial photos.

Determining Changes in Land Use and
Resource Status

The foregoing examples have indicated the fea-
sibility of using remote sensing techniques to deter-
mine for any given date the land use and resource
status for each portion of the area that is being
inventoried. Certain advantages also have been
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Ficure 12. Photo interpretation of this forested area has
permitted it to be “stratified” into essentially homoge-
neous units as regards (1) age class of timber (left half
of numerator), e.g.,, O=old; Y=young; (2) density of
sawlog-size timber (first digit of numerator) and of all
timber regardless of size (second digit), e.g., 1 signifies
80 to 100 percent of ground is covered by crowns of
trees; (3) vegetation elements present (denominator),
e.g., C=commercial conifer; H=hardwood, etc.; N in
numerator indicates nontimber site; i.e., soil too poor to
grow timber at a sufficiently rapid rate for commercial
purposes.

Ficure 13. On this large-scale vertical stereogram taken from a helicopter, the most important tree
species (fir, cedar, and hemlock) are accurately identifiable. Tree heights frequently can be
determined more accurately from stereoscopic parallax measurements on photos such as these
than from conventional on-the-ground measurements made with an Abney level or other
hypsometer. As seen near the left center of this stereogram, a small gas-filled balloon raised
from the ground to slightly above treetop level facilitates the location of sample plots such as
this by the helicopter pilot and photographer. By image comparison, the photo interpreter can
extrapolate information he has obtained from large-scale photography such as this and apply it
to sizable adjacent areas of similar appearance for which only small-scale photography is avail-
able. (Photos courtesy of E. H. Lyons and the British Columbia Forest Service)
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Ficure 14. Photo interpretation and associated field work have enabled the range surveyor to
stratify this area into essentially homogeneous units. Lines with crosses represent fences, lines
without crosses represent type boundaries. Within each stratum a hand-drawn symbol appears
which gives three types of information: (1) the range type (e.g., 1 signifies grassland other than
meadows, 6 signifies coniferous timber land with an understory of forage plants, etc.) ; (2) the
most abundant species (e.g., Far signifies fescue grass (Festuca arizonica), PP signifies pon-
derosa pine, etc.) ; (3) the vegetation density (e.g., .25 signifies that 25 percent of the ground
surface is covered with vegetation). (Courtesy of U.S. Forest Service)

indicated for use of a technique based on the “com-
parative analysis” of “sequential photography.”

These same concepts can be applied in determin-
ing (1) the extent to which forest land is being
converted to agricultural land (top half of figure
15) and (2) the extent to which agricultural land
is being converted to urban development (bottom
half of figure 15). In addition, the nature of plant
succession on the degree of acceleration of soil
erosion that is induced by various resource man-
agement practices can be determined by such means.
Examples of the latter will be found in a separate
paper (Colwell, 1969).

The value of being able to make such observations
through the proper use of remote sensing techniques
can scarcely be overemphasized. Too often we tend

to regard a resource inventory as an end in itself.
Again, we must remind ourselves, therefore, that
the ultimate objective is better resource manage-
ment through the previously described three-step
process (inventory, analysis, and operations). Once
we know the changes in land use and resource
status that are brought about through various re-
source management practices, we can determine the
courses of action which the resource manager should
follow, area by area, in the future to achieve the
most desirable changes.

Planning Engineering Activities That Will
Lead to Resource Development

Construction engineers can interpret aerial pho-
tos, space photos, and other forms of remote sensing
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Ficure 15. For a discussion of how a space photo such as this can be analyzed for resource
development, see text.

data to aid in selecting sites for dams, levees, and
other water control structures; laying out highways,
airfields, canals, and pipelines; and otherwise plan-
ning for full exploitation and wise management of
agricultural and wildland resources. Since they are
interested in land forms, rock materials, soils, vege-
tation types, and drainage conditions, much of what
has already been discussed is as applicable to engi-
neering as to agriculture and forestry.

Figure 15 provides an excellent illustration of
how the engineer might use satellite photography to
help solve an important engineering problem. The
mountainous areas shown here have moderately
high rainfall, probably 75 to 125 cm per year,
judging from the presence of dark-toned woody
vegetation and the numerous stream channels. Near-
by are large fields in rectangular pattern, without
deeply incised drainage; these fields must be mod-
erately flat and, judging from the size of the in-

dividual fields, must be planted to dry-land crops.
This combination of conditions suggests that the soil
is fertile and that food production would be in-
creased if water could be impounded in a reservoir
and used to irrigate the fields. Further study of the
photograph reveals that a large stream is con-
stricted in a deep canyon at point A. Here a dam
could be built, converting the mountain valley im-
mediately upstream into a large reservior. This
valley does not appear to be densely populated, so
the property could probably be acquired at reason-
able cost. The watershed draining into this moun-
tain valley is large enough to supply ample water to
the proposed reservoir. Since the canyon at point A
is deep, a dam built there probably would create a
waterfall sufficient to generate great amounts of
hydroelectric power. There appears to be a rapid fall
in the stream from the proposed site to nearby point
B. From this point water might be fed into a second
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power plant at C. Closer study, however, shows that
this part of the plan would not be feasible, be-
cause the water conduits would have to traverse
many deep canyons between points A and B.

The top half of figure 15 shows alternating moun-
tains and valleys. When this area is studied accord-
ing to the criteria just mentioned, however,
topography and culture are seen to be unfavorable
for dam construction, crop irrigation, and hydro-
electric development.

The interpretation described here was made
quickly and easily because the entire area pertinent
to the analysis was imaged on a single photograph.
The interpretation has been confirmed since the
photographs were taken. Each development recom-
mended by the photo interpreter has been made;
each development considered by him, but dismissed
as not feasible, was independently dismissed by
engineers making ground studies. Of course, the
photo interpreter’s recommendation of a dam or
other construction site must be carefully checked on
the ground before a final decision is made.

A photograph such as figure 15 could also be
used to lay out possible routes for a proposed high-
way, railroad, or pipeline. Once the possibilities are
delineated, large-scale photography would, of course,
be needed of the two or three most promising routes.
The final selection of the route would entail prop-
erty valuation, estimation of cut and fill, and deter-
mination of soil, rock, and drainage characteristics,
all of which could be made with large-scale photog-
raphy combined with only a limited amount of
groundwork. Thus, we see in this example another
opportunity to exploit the concept known as multi-
stage sampling.

SUMMARY AND CONCLUSIONS

In this paper, an attempt has been made to (1)
express the rationale that prompts our present great
interest in possible applications of remote sensing
in agriculture and forestry; (2) categorize and
tabulate the various user requirements for informa-
tion on agricultural and forest resources; (3) out-
line general procedure, based on the use of remote
sensing data, that has proved highly workable on
many occasions when inventories were to be made of
agricultural and forest resources; (4) list and dis-
cuss both the advantages and limitations currently
associated with the use of aerial and space photo-

graphs for the evaluation of agricultural and forest
resources; and (5) provide numerous specific ex-
amples of remote sensing uses in agriculture and
forestry.

Based on information contained in this paper and
in the works listed in the bibliography, the following
conclusions seem justified: (1) Rarely is all the
resource information that is desired by an agricul-
turist or forester obtainable from examination of a
single photograph covering the area which he seeks
to manage; (2) multiband photography provides
more information than is obtainable from only one
band; (3) multidate photography provides more
information than is obtainable from only one date;
(4) multistage photography provides more informa-
tion than is obtainable from only one stage; (5)
multi-enhanced photography provides more infor-
mation than is obtainable from only one enhance-
ment; (6) multipurpose and multiresource studies,
made by a multidisciplinary panel of experts, pro-
vide more information than single-purpose, single-
resource studies made by one individual who is
expert in only one discipline; and (7) collective
gains realizable through all the above-mentioned
concepts make it possible to apply remote sensing
techniques in a highly effective manner in almost
every situation where the primary objective is to
manage agricultural and forest resources as wisely
as possible.
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The development of remote sensing technology
has had a logical extension to studies and investiga-
tions of the world’s oceans. Such sensors are capable
of providing an overview of surface or immediate
subsurface conditions in near-real time. For this
reason remote sensors are customarily related to
the role of synoptic data collection, or in the context
of this paper to “synoptic oceanography.”

The collection of ocean-related data on a synoptic
basis is important because the hydrosphere covers
approximately 70 percent of the Earth’s total surface.
For many applications the overview can be as im-
portant as detailed data collected at a single location.
The development of remote sensing techniques, when
related to satellite platforms, offers potential cover-
age of the world’s oceans on a global basis, which
is an important aspect when the deployment of other
types of data collection platforms is considered.

It should be recognized that remote sensing tech-
nology does not replace in situ data collection tech-
niques that are used and continually being improved.
Indeed, it appears that the use of remote sensors
may require quite stringent in silu measurements
to permit full interpretation of the remotely col-
lected data. To illustrate this feature, note that sea
surface temperature can be measured in situ simply
with a bucket and thermometer, while the use of a
remote sensor for this measurement requires the
measurement of not only the surface temperature
but also the effects of the atmosphere. A further
complicating factor in using remote sensors is that
many phenomena can alter the signature of the data
that would not affect an in situ measurement. For
example, a wave staff can measure wave height of

gravity waves, but certain remote sensors that would
measure wave height are further influenced by the
capillary wave structure. Such an occurrence can
be beneficial, but it nevertheless increases the re-
quirement for in situ measurements for capillary
structure in concert with the remotely sensed data.

Another aspect in developing remote sensors for
ocean studies is that the remote sensing oceanogra-
pher cannot isolate the single event he may wish to
measure and ignore the others. As an example, if
one wishes to measure chlorophyll concentration
in situ, it is a relatively straightforward experiment,
while the same measurement made with a remote
sensor requires that data on surface roughness, Sun
angle, cloud cover and atmospheric conditions, bot-
tom type in shallow water, and other water com-
ponents such as sediment load, etc. be measured in
order to analyze and interpret the data.

Once a full interpretation of remotely sensed
data is quantitatively established, then not only can
a chlorophyll measurement be made, for example,
but many other related features may be measured as
well. Hence, by using a limited number of regions
of the world for development, test, and calibration
of sensors, the technology can be extended to other
regions of the globe until a research satellite can
collect these data on a global basis. The original
test and calibration sites may then be used to verify
the satellite operations.

The primary types of remote sensors presently
being applied to studies of the world’s oceans are
acoustic, electromagnetic, gravity, and magnetic.
This paper will be limited to the potential applica-
tions of electromagnetic sensors to studies of the
oceans.
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AREAS OF FEASIBLE APPLICATION

The objectives of the remote sensing program in
developing space techniques for ocean data collec-
tion fall into the following four general categories:

(1) To identify, test, and evaluate techniques
which can be used on Earth survey spacecraft to
provide meaningful and useful synoptic oceano-
graphic data.

(2) To establish the reliability of spacecraft-
acquired oceanographic data by comparison with

remotely sensed surface data and relate these data
to surface and subsurface ocean phenomena.

(3) To develop and test techniques of displaying
space-acquired data on a global basis consistent
with conventional synoptic data.

(4) To develop environmental forecasting tech-
niques for dynamic ocean phenomena using space-
acquired data.

In establishing the feasibility of concepts for
potential space systems, several platforms have been
used or are planned for use in the remote sensing

Ficure 1. Photographs of the surface of the ocean subjected to surface winds of 20, 40, 60, and

80 knots. Photos by Naval Air Station, Jacksonville, Florida (from ref. 1).
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studies of the oceans. These include fixed piers and
towers, submersibles, buoy systems, ships, and air-
craft. These platforms are capable of providing use-
ful ocean data in themselves and should not be
regarded as mere stepping stones to a space system.
Each platform can contribute uniquely to our under-
standing of the oceans and will remain as basic com-
ponents in a deployed research space system.

PROPERTIES OF THE OCEAN

There are two fundamental properties of the
ocean surface that must be understood by anyone
studying the ocean with electromagnetic sensors.
These are the roughness features of the ocean sur-
face and the penetration of electromagnetic energy
into water.

The surface of the ocean is highly variable. It
can be a mirror-smooth surface acting as a specular
scatterer under calm conditions, or an extremely
dangerous mass of white water when driven by high
winds for an extended period of time. Figure 1

(from ref. 1) illustrates how the ocean surface ap-
pears from an altitude of approximately 150 to 250
meters at an angle of about 45° when driven by
winds of 20, 40, 60, and 80 knots (approximately
10, 20, 30, and 40 m/s).

Because of the inherent danger to those who must
ply the seas, remote sensors are being developed to
measure and, with appropriate data processing,
predict the conditions of the ocean surface under
all weather conditions. The all-weather capability is
important because turbulent surface conditions are
often accompanied by storm and cloud systems,
which must be penetrated for surface measurements.
Thus, while glitter pattern analysis from visible-
region remote sensors can permit measurement of
surface roughness in cloud-free areas, cloudy condi-
tions require the use of either active or passive
microwave sensors to make the roughness measure-
ment. Microwave energy is attenuated much less by
clouds than is electromagnetic energy in the visible
and thermal regions of the spectrum.
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Ficure 2. Attenuation coefficient vs. wavelength and frequency for seawater (from ref. 2).
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The second essential property of the oceans is the
manner in which electromagnetic energy can pene-
trate water. The degree to which radio waves, micro-
waves, thermal energy, and visible light are attenu-
ated is shown in figure 2 (data taken from ref. 2).
Note that significant water penetration occurs only
in two general regions of the spectrum: at very low
frequencies on the order of 1 kHz (wavelength about
300 km) and at a frequency of about 710! kHz
(wavelength about 0.45 pm). Because it is imprac-
tical to build remote sensors to operate at the very
long wavelengths, the only portion of the spectrum
where significant penetration is possible with remote
sensors is the blue-green portion of the visible band
from 0.4 to 0.6 pm.

Figure 3 shows the attenuation coefficient of sev-
eral types of water at wavelengths of 0.35 to 0.70
pm. Mean oceanic water is only slightly more at-
tenuating than distilled water in this portion of the
spectrum, so that energy in the blue-green (0.45 to
0.55 um) region is attenuated by 1/¢ in a distance
on the order of 10 to 20 meters, while in the red
region this distance is reduced to only a few meters.
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Ficure 3. Visible region attenuation coefficient vs. wave-
length for pure water and seawater (from ref. 2).

A further feature shown in figure 3 is the shift
in the region of maximum penetration from the blue
to the green region as the water changes from that
typical of the open ocean to that found in the
coastal area. Thus, depending on the type of ocean
water, there may be a preference in the portions of
the visible spectrum to be used. The response of
light energy interacting with the ocean can be illus-
trated on a qualitative basis by using a four-band
multispectral camera with filters covering the blue,
green, red, and a combination blue and green as
shown in figure 4. These filters were used to photo-
graph simultaneously the Ben Franklin submersible
used by Dr. Jacques Piccard prior to his 30-day
cruise in the Gulf Stream during the summer of
1969 (ref. 3). Figure 5 shows photographs of the
Ben Franklin at the ocean surface, taken in each
of the bands of figure 4. The deck was painted with
a gray, spectrally flat paint, and the conning tower
was yellow. The shroud tubing (located fore and
aft on each side), which protected the four small
propellers used for maneuvering, can be seen in
figure 5. As shown in figures 6, 7, and 8, the Ben
Franklin was photographed in Gulf Stream water
(typical of mean oceanic water in figure 3) at
depths of 10, 15, and 25 meters. At a 10-meter depth
the submersible is not visible in the red band,
whereas even the shroud tubing is still distinguish-
able in the other three bands. At 15 meters the con-
trast is sufficiently reduced to obliterate the shroud
feature, but the conning tower is still distinguish-
able. At 25 meters the Ben Franklin is still visible
in all three bands, but the contrast is reduced to
where only the general outline can be seen, with the
features of the conning tower obscured.

With an understanding of these general properties
of the ocean, several applications of remote sensing
techniques will be discussed. The sensors can be
simple or more advanced, but in all cases the remote
location of the sensor above the ocean surface pro-
vides significant advantages not available from a
surface location.

FISHERY ENVIRONMENT ASSESSMENT

The detection of fish and the given environmental
conditions in which a particular species of fish is
most likely to be found have been shown to be
amenable to remote sensing applications in several
studies (ref. 4, 5, 6). Studies of the direct detection
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Ficure 4. Typical transmittance of filters used in oceanographic research (from ref. 3).

of fish include spectrometer measurement of fish
oils, photography of schooling fish for behavioral
analysis, spectral and fluorescent properties of fish,
and bioluminescence displays resulting from excita-
tion of light-producing plankton by the mechanical
motion of swimming fish. The environmental con-
ditions to which fish are known to correlate include
both temperature and water-mass/ocean-color char-
acteristics.

It is not necessary to operate expensive remote
sensors to assist in the detection and capture of fish.
The human eye and brain, being quite sophisticated
as a sensor and data processor, can be used to great
advantage as a remote sensor when trained. The
vantage point of a man in a crow’s nest has been
extended to that of a man in a spotter aircraft with
radio communication to the fishing vessel or vessels.
Using such data as water discoloration and known
locations of fish on a previous day, a spotter
searches for a given species of fish. Upon successful
detection of a fish school, the spotter may further
assist in the acquisition of the fish by directing the
laying of nets. While simple in concept, this is a
proven application of a man operating from a
vantage point giving improved search capability.

The other forms of fish detection are all dependent

on daylight, except stimulated fluorescence and
observation by bioluminescence emission. Stimu-
lated fluorescence has not been fully explored, even
in the laboratory, while the detection of biolumines-
cence phenomena has been demonstrated from air-
craft. Bioluminescent organisms appear to be dis-
tributed throughout the world’s oceans and are most
abundant where nutrients are the highest. A typical
emission spectrum is shown in figure 9 (from ref. 7).
Under ordinary circumstances these emissions are
too weak to be seen by the unaided eye. However,
the development of image intensifiers has extended
the eye’s capability to operate at low light levels.
As a result, it appears feasible to extend the spotter
pilot’s role to include nighttime operation with a
sensor called a low-light-level television system.
The view that a spotter pilot might have on a moon-
less night from about 1 km altitude is shown in
figure 10. The school has excited the bioluminescent
organisms into radiating very low levels of light
energy, thus outlining the school. Such systems
appear at present to be oriented toward aircraft
rather than spacecraft, offering a relatively inex-
pensive means of extending the period of time to
search for fish.

The assessment of the fishery environment calls
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Ficure 5. Multispectral photography of Ben Franklin on surface (from ref. 3).
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Ficure 6. Multispectral photography of Ben Franklin at depth of 10 meters (from ref. 3).
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Ficure 7. Multispectral photography of Ben Franklin at depth of 15 meters (from ref. 3).
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Ficure 8. Multispectral photography of Ben Franklin at depth of 25 meters (from ref. 3).
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Ficure 9. In vivo emission spectrum of luminescence pro-
duced on stimulation of P. bahamense (from ref. 7).

Ficure 10. Low-light-level television image of biolumines.
cence induced by schooling fish, taken from altitude of
approximately 1 km (Courtesy K. Drennan, Bureau of
Commercial Fisheries, Pascagoula, Mississippi).

for studies of ocean temperature and color. These
will be considered in the discussions which follow.
It has historically been very difficult to study fish
habits except at the location where the fish are being
captured. The ecological drives which govern the
movement of fish and their presence at a given place
and time remain relatively unexplored. A satellite
system capable of monitoring the ocean environ-
ment will allow behavioral studies of life in the sea,
which are fundamental to understanding and pre-
serving this worldwide resource.

SEA SURFACE TEMPERATURE

One of the first applications of remote sensors to
ocean studies was the measurement of sea surface
temperature. Aircraft infrared images such as fig-
ure 11 can reveal considerable fine detail about the

Ficure 11. Aircraft infrared image of Gulf Stream with a
radiation thermometer temperature profile.

ocean thermal structure that is not possible using
ship measurements. The manner in which the sur-
face temperature relates to the thermocline will
require joint ship and remote platform measure-
ments. A satellite thermal image, as shown in
figure 12, does not show the fine detail of the air-
craft image but does allow a synoptic view of sea
surface temperature, including not only the warm
Gulf Stream (darkest tone) and the near coastal
currents, but also the intermediate water masses
associated with the Western Atlantic shelf waters.
This image, provided by the National Ocean and
Atmospheric Administration, is from the Direct
Readout Infrared (DRIR) system on ITOS, taken
on October 19, 1970 (9 km spatial resolution, 1 °C
thermal resolution, and 10.5 to 12.5 um wave-
length). While the DRIR system was designed pri-
marily to map cloud cover at night (clouds appear
cold or white in figure 12, as compared to the
darker or warmer terrain and water features), it
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can map relative sea surface temperatures when
clouds are absent.

The conventional manner for displaying sea sur-
face temperatures is with isothermal contours. The
digital data from which the image of figure 12 was
processed can also be used to generate isothermal
maps of the surface. Figure 13 is an isothermal map
made from the type of data used in figure 12, with
a 2 °C temperature resolution. It has been shown in
other experiments that the agreement between satel-
lite and ship data is quite good when relative tem-
peratures are compared.

Temperature can be related directly to certain
fisheries. The herring fishery in the North Atlantic
correlates very strongly with the gradient induced
by the Arctic water mass normally found northeast
of Iceland. But during 1967 the cold tongue of

Ficure 12. Direct readout infrared (DRIR) system image
of western North Atlantic on the National Oceanic and
Atmospheric Administration (NOAA) ITOS satellite,
Oct. 19, 1970.

Arctic water moved further south and significantly
altered the behavior of the herring. A survey by the
Naval Oceanographic Office (NAVOCEANO) for
the Icelandic government alerted Iceland to the con-
tinued anomalous behavior of the Arctic water mass.

Because of the extended southerly reach of the
Arctic tongue of water, many fishing vessels in
Northern Iceland were icebound, when under more
normal conditions these vessels could have left port
more freely. Hence, sea surface temperature and the
general sea-air interaction can play a strong role in
many aspects of environmental monitoring which
relate directly or indirectly to a given application,
as illustrated here by fisheries.

SEA ICE

The Arctic and Antarctic are covered with ice, the
former with a dynamic ice canopy over the ocean
that reaches thicknesses on the order of 3 to 5
meters, and the latter with a relatively static ice
crust covering the continent up to hundreds of
meters thick. Ice in the dynamic North Pole region
may move as much as 75 km in a day, whereas only
in areas such as the Weddell Sea is there measur-
able ice movement in the area of the South Pole. All
such ice movement affects transportation and the
heat exchange which occurs in these regions.

Because of the dynamic nature of the North Pole
area and the high occurrence of clouds and fog,
microwave sensors are under development to pene-
trate the cloud cover. These sensors include both
active and passive imagers on both aircraft and
spacecraft. With satellites in polar orbit, a map of
ice conditions in the Arctic can be generated on a
daily basis and, by coordination with meteorological
data, forecasts of ice conditions can be prepared
and disseminated.

The same microwave sensors can also be used to
observe the South Pole area, but the frequency of
observation need not be as great in the Antarctic
region. Many changes in the ice field in the Antarctic
can be observed with existing television systems by
monitoring relatively static conditions when no cloud
cover impedes observation.

OCEAN COLOR ANALYSIS

The color of the ocean is determined primarily
by nutrients, plankton, sediment load, pollutants,
and often by bottom type and water depth. Phyto-
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Ficure 13. Location of a 5 °C surface temperature change aerially charted on 9 April 1968 by
NAVOCEANO.

plankton abundance may be a basic indicator of
the productive potential of a water mass. Living
plants are capable of assimilating basic chemical
nutrients from the sea through photosynthesis, for
which chlorophyll is required. The ability to detect
and quantitatively measure chlorophyll is believed
to be a fundamental cornerstone in understanding
the life cycle of the world’s oceans. Such measure-
ments on a global basis can eventually provide esti-
mates of the productivity of the oceans and aid in
preservation of “livestock™ in the seas.

The development of remote sensors to study
chlorophyll in the ocean takes on a different char-
acter from those developed for chlorophyll measure-
ment from plant material growing over terrain.
Chlorophyll has a very high reflectance in the near
infrared region (approximately 0.7 to 0.8 pm).
Hence, healthy chlorophyll shows a brilliant red in
color infrared photography. The same technique
when applied to chlorophyll in the ocean will detect
only the surface chlorophyll (in the upper meter or
s0). The detection of kelp beds and surface algae
is an application of such photography. Many ocean
plants, however, grow at depths on the order of tens
of meters, where red light energy is readily ab-
sorbed by water (see figures 2 and 3), so the red

reflectance of chlorophyll cannot be observed from
these depths.

Chlorophyll has a strong absorption band in the
blue region, from about 0.42 to 0.46 pm. (There
also appears to be a slight increase in the relative
reflectance associated with chlorophyll in the green
portion of the spectrum.) It is this absorption in
the blue by chlorophyll, rather than reflectance in
the red, that is being utilized to develop an ocean
color system to measure ocean plant crops.

Figure 14 shows the manner in which the up-
welling light as a percent of incident light changes
as a function of chlorophyll concentration in the
water and the wavelength of measurement. These
data were acquired from an airborne spectrometer
at about 325 meters altitude with a 0.005-um spec-
tral resolution, scanning from 0.40 to 0.65 pm in
4 seconds (ref. 8). The very low chlorophyll con-
centration is typical of very sterile water (like the
Sargasso Sea) where chlorophyll is less than 0.1
mg/m?; the low chlorophyll condition is typical
of coastal slope water and is on the order of 0.3
mg/m?; the high chlorophyll concentration is de-
fined as up to about 3 mg/m?®. It can be seen that
as chorophyll concentration increases the water will
tend to be less blue and more green. It is anticipated
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that an imaging ocean color spectrometer system
will be capable of measuring chlorophyll on a
quantitative basis with a logarithmic scale (i.e.,
<0.3, 0.3 to 0.6, 0.6 to 1.2, 1.2 to 2.4 mg/m?, etc.)
over the interval from about 0.3 to perhaps 20
mg/m?®. This range is the region of most interest
for typical chlorophyll measurements.

There are other factors which must be considered
and assessed in measuring ocean color. These are
the atmosphere, Sun glitter, and foam. The effects
of the atmosphere, especially in the blue region,
must be determined and extracted from the spec-
trometer signature. The amount of data collected
thus far is too meager to allow any specific state-
ments other than it does appear that atmospheric
effects can be dealt with for relatively clear sky
conditions.

Sun glitter occurs as a result of direct reflection
of sunlight from the ocean surface. The closer to
midday a visible-region sensor is operated, the more
likely a glitter pattern will occur in the field of view
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Ficure 14. Relative energy reflected from ocean water as
a function of wavelength and presence of chlorophyll
(from ref. 8).

of the instrument, thus obliterating information
about the water column itself. On the other hand,
the closer to midday one operates a visible-region
sensor the more likely that local haze conditions will
have dissipated, providing a more favorable en-
vironment for observation. It might appear then
that the most desirable time for observation would
be in the afternoon to avoid both haze and glitter.
However, in many regions convective activity may
produce an abundance of cumulus clouds and possi-
ble thunderstorm buildup by the afternoon, present-
ing an additional hindrance to observation.

For ocean color analyses related to coastal
processes, which will be discussed in a following
section, the Sun glitter problem must also be related
to the tidal cycle in a given region. Observations
need to be made in most cases during both high
and low tide conditions. When tidal cycles are
related to the Sun glitter problem, there may well be
only two or three days a month when effective
observations can be made.

It is important also to consider that glitter pat-
tern data are of great value in delineating surface
features, particularly those of pollution. Indeed,
when ocean phenomena related to surface effects
are required, the use of glitter pattern analysis
should be included.

Analyses of ocean color are best made with calm
sea conditions, again to avoid glitter that might be
reflected from waves, but also to minimize the
amount of foam that might be present. Foam is
generated by both breaking waves and wind and
can be dealt with on a statistical basis if necessary
by averaging observations over time. However, in-
dividual or short samples of spectrometer-type data
should be avoided. The curves in figure 14, while
acquired with a 4-second scanning spectrometer,
are composed of many such samples (totaling one
to two minutes) which have been averaged in order
to eliminate major surface differences.

SHOAL AND COASTAL MAPPING

Coastal mapping uses the same techniques as
terrestrial mapping, the major differences being
that in many locations coastal region land/water
interfaces change much more rapidly. Tidal cycles
can cause day-to-day changes, but basic coastlines
are charted primarily for the high-water condition.
This condition is the one usually shown on charts.
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Horizontal dimensions of coastlines in some areas
may change permanently by magnitudes on the order
of hundreds of meters per year. This phenomenon
often leads to several forms of land dispute if such
changes are not properly recorded on coastal maps
or brought to the attention of appropriate land
authorities.

The bathymetry of coastlines may change on a
permanent as well as a seasonal basis, due to sand
shifting with the seasonal environment. In many
cases the shifting is favorable to reducing storm
damage. Such seasonal changes are measured with
in situ techniques. In relatively shallow water, to a
depth of 20 to 30 meters, remote sensors of several
types may be used for such measurements. The
techniques include the use of visible-region photo-
graphs or images, as well as laser systems which
directly measure the depth from aircraft.

Shoals are shallow-water features which endanger
vessels because they typically remain submerged
below the sea surface. Often they are associated
with the shallow waters along the coastline, but they
also occur as anomalous features in otherwise deep
water. The methods proposed to detect and chart
the 3000 or more “doubtful” shoals* are the same
as those for bathymetric surveys of coastlines using
remote sensing techniques.

Because only the density slicing technique for
photography has had appreciable use in measuring
relative depth, it will be discussed briefly here. The
wave refraction technique is dependent on proper
environmental conditions (ref. 9), and the laser
approach is now under development, with the result
that neither of these have been used to the extent
of density slicing.

Photography or imagery in the blue or green por-
tion of the spectrum is used in determining relative
depth in a given location. Emulsion levels of the
same density may be selected most simply with a
densitometer scan of film (or by computer selection
of digital imagery data) along any portion of the
film (ref. 10). This density slice correlates quite
well with depth if water contaminants and bottom
type are uniform. More sophisticated density slicing
can be accomplished photographically wherein
whole layers of a given exposure density are sliced

* These are shallow-water features which have been re-
ported by ship soundings but have not been confirmed by a
precise fix on hydrographic charts.

from the photograph. The result is a “slice” which
generates relative depth contours. Such slices are
frequently given a false color and a composite of
the slices reformatted, allowing the relative depth
contours to be viewed in the context of the original
image (ref. 11).

The analysis of photography by this density slic-
ing technique is made difficult when there are vary-
ing sediment loads in the water or when the bottom
changes appreciably over the region of interest.
Nevertheless, the technique has been used to analyze
space data and is an excellent technique for moni-
toring regions where depths are subject to change.

COASTAL MARINE PROCESSES

The general study area of coastal marine processes
includes: the physical interaction between ocean,
coastal, and river-induced current systems; the pre-
vailing environmental conditions; the rotation of
the Earth about its axis; the gravitational effects of
the Moon and Sun; and man-made effects. In addi-
tion, the study of coastal marine processes may also
be extended to include the relationship between the
physical environment and the biological environ-
ment (particularly in regions of coastal upwelling)
and the influence of man on this relationship.

No special remote sensors are required for studies
of coastal marine processes, since it appears that
the instruments developed for terrain and other
ocean applications are appropriate to this study.
Indeed, the instruments developed and to be de-
ployed on the first Earth Resources Technology
Satellite (ERTS-A) can be used for these types of
studies.

Because of the immediate application of ERTS-A
to the study of coastal marine processes, an Inter-
national Workshop paper entitled “Oceanographic
Interpretation of Apollo Photographs” has been
prepared by Mr. Robert Mairs (volume II of these
proceedings) . Some of the types of analysis neces-
sary for coastal marine process studies and the man-
ner in which ERTS-A data may be used to assist in
these studies are described in this paper.

SYNOPTIC OCEANOGRAPHY

Remote sensors on both aircraft and satellites
have shown that the ocean is a very dynamic en-
vironment. In order to quantify the remotely sensed
data from these platforms, remote sensors in labora-
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tories, towers, and ships are being employed to pro-
vide the link between conventional oceanographic
in situ techniques and those using air- and space-
borne platforms. These surface remote sensors range
from the electron microscope to the radio telescope
and from complex spectrometers to relatively simple
cameras. Given the proper quantitative data for in-
terpreting aircraft and spacecraft data, a significant
measure of the nature of the world’s oceans poten-
tially can be assessed.

Is such an assessment necessary, and if so, is it
appropriate to do so using remote sensors? The
answer to the first portion of the question is clearly
affirmative because remote sensors have already
shown that many areas of the ocean are not the vast
wasteland of sterile water they have historically been
believed to be. The synoptic view of the oceans pro-
vided by remote sensors allows what seem to be very
slight changes at a specific point and time to be
placed in the context of similar changes in other
regions at the same time. The second portion of the
question cannot be answered fairly until further re-
search is conducted from surface, aircraft, and
satellite platforms. Indeed, an ocean monitoring
system will in all likelihood contain elements of in
situ sensors at the surface and subsurface, aircraft
instrumentation to measure both ocean and atmos-
pheric conditions, and satellites to provide the over-
view of ocean behavior—a relatively new field of
exploration called synoptic oceanography.
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People around the world have today become
newly aware of the environment, not only as the
provider of resources for economic development,
but as the basis of life itself, within which man and
his children must live for centuries to come, if they
are to live at all. There is rising concern all over
the world both for the effect of the natural environ-
ment on man and his activities and for the rate at
which the environment is being degraded with the
growth of technology and the progress of economic
development. There is genuine fear that environ-
mental quality may not only decline sufficiently to
make life unpleasant, but even to the extent that
human life may become impossible on the terrestrial
globe. In the meantime, growing population densi-
ties and increased value of structures and property
mean that every new hurricane, earthquake, or other
natural disaster potentially takes an increasing toll
of human life and economic resources. Thus, as a
matter of self preservation, we must become con-
cerned with the environment in all its aspects. We
must learn to understand the natural environment
and its processes and the threats it may pose, as
well as the means by which man’s activities interact
with the environment and tend to change it.

An important first step toward achieving these
objectives is to describe the total environment in
sufficient detail to permit modeling of its processes
and measuring its changes on a worldwide basis.
This process of observing the environment and
measuring its changes is called environmental moni-
toring. Environmental monitoring obviously is not
a new activity. For well over a hundred years regular

observations of atmospheric variables have been
made over wide geographic areas from surface sta-
tions, and later from balloons and other platforms.
To a more limited degree, oceanic parameters have
also been measured for many years. What is com-
paratively new is the need to measure and observe
all elements of the environment over the entire globe
and to acquire such data in a relatively short period
of time. It is in this context that remote sensing from
air and space is beginning to play such an important
role in environmental monitoring, and it is this
application of remote sensing which I wish to dis-
cuss with you today.

We monitor the environment for a number of
different purposes. To an extent, the purpose deter-
mines how quickly we need the data and over how
large an area. Of highest immediate priority in
terms of protecting human life is perhaps the direct
detection of imminent environmental hazards and
the provision of timely warning to threatened areas.
Such hazards include hurricanes, tornadoes, and
other severe storms; tsunamis (seismic sea waves) ;
floods, landslides, and unusually heavy snowfall;
and other events similar in nature where timely
warnings could permit taking action to save lives
and protect property.

A second critical application of environmental
monitoring is to the prediction of short-term en-
vironmental change: forecasting the weather, the
state of the sea, the probability of earthquakes, or
the occurrence of a solar flare which might produce
radiation levels in the upper atmosphere hazardous
to high-flying aircraft. Another type of environ-
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mental change of growing importance in the preser-
vation of environmental quality is the long-range
climatic change which may be caused inadvertently
by man’s activities. An application to this problem
that is becoming more vital every day is the moni-
toring of air and water pollution, both regionally
and globally. Regional aspects of pollution moni-
toring will be discussed in more detail in the fol-
lowing paper.

Finally, environmental monitoring is directly re-
lated to the identification and management of the
resources of the atmosphere, the oceans, lakes and
rivers, and the solid Earth. These applications will
be discussed in many papers presented at this work-
shop. The emphasis here is on applications of en-
vironmental monitoring techniques to warnings of
environmental behavior and measurements of en-
vironmental quality on a global scale.

Much progress has already been made. To some
extent, environmental monitoring from space is
already being done operationally by the United
States, using the environmental satellites of the Na-
tional Oceanic and Atmospheric Administration
(NOAA), and to a lesser extent by other nations.
The polar-orbiting Improved Tiros Operational Sat-
ellites (ITOS) now observe the entire Earth twice
a day, taking television cloud pictures and radio-
metric images. Beginning in 1972, these satellites
will obtain daily readings globally of the vertical
distribution of atmospheric temperature and humid-
ity. Imaging resolution will be improved to approxi-
mately 1 kilometer directly below the satellites. The
Geostationary Operational Environmental Satellite
(GOES) system, also scheduled for operational
checkout in 1972, is capable of continuous observa-
tion of the region over which it is positioned; it
will produce multispectral (visual and infrared)
images of most of the Western Hemisphere night
and day at half-hourly intervals. Both systems will
carry sensors to monitor emissions from the Sun.

With regard to observation of the solid Earth,
satellites usable for obtaining accurate geodetic loca-
tion of points on the surface of the Earth, even at
intercontinental distances, have been flying since
the launch of Echo I in 1961. While no satellites
have been launched specifically to monitor the
world’s oceans, a start has been made using data
available from meteorological satellites.

Aircraft also have been used for environmental

monitoring by the United States and other coun-
tries. For example, aircraft of the United States
Navy, Air Force, and the NOAA have been used
for many years in locating and tracking tropical
storms and monitoring other meteorological phe-
nomena. Aircraft photography also has been used
to determine snow cover over portions of the United
States to assist in predictions of runoff and flood
potential. Scientists of the NASA Earth Resources
Survey Aircraft Program have been investigating
the use of remote sensors for a variety of environ-
mental applications, most of which will be described
at this workshop. The first Earth Resources Tech-
nology Satellite (ERTS) is scheduled for flight
in early 1973, as is the Earth Resources Experi-
mental Package (EREP) on the manned Skylab
satellite. Both are expected to increase our under-
standing of the extent to which remote sensing from
space can contribute to environmental monitoring.

While I have been emphasizing the use of space-
craft and aircraft for environmental monitoring, I
do not wish to minimize the importance of surface
and other in situ sensors. Some data can be collected
only in situ. Even where remote sensing may be the
predominant mode of data acquisition, there is an
axiom that holds true for all applications: Remote
sensing data are useless in the absence of adequate
ground truth or other in sifu information. For ex-
ample, satellite cloud photographs cannot be used to
make weather forecasts unless the relationships be-
tween cloud forms and weather phenomena have
been established previously. In keeping with the
theme of this workshop, however, the emphasis in
this paper is principally on remote sensing by satel-
lite and aircraft as an element of the total spectrum
of data acquisition required for environmental
monitoring.

I would like now to review some accomplishments
in environmental monitoring which have been
achieved using data acquired by remote sensing
from air and space, together with data from other
sources.

Satellite data have powerful applications in the
forecasting and warning of our most dangerous
weather phenomena, the deadly and destructive hur-
ricanes and tornadoes. Since inauguration of the
operational satellite service in the United States,
probably no tropical storm has gone undetected
anywhere in the worldwide tropical oceans. Dis-
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covery is invariably by satellite. For example, in the
virtual absence of other weather reports south and
east of Hawaii in the Central Pacific, many tropical
storms would go undetected without satellite sur-
veillance, and a violent storm could strike the islands
without warning as has happened in the past. Fig-
ure 1 shows an example. In late August 1970,
Hurricanes Maggie and Lorraine were east of
Hawaii and were thought to be weakening. But in
the satellite picture for August 25 the cloud struc-
ture of Maggie, the nearer storm, showed she was
still intense. On the basis of this information, the
forecaster called for much heavier precipitation than
he otherwise would have. The next day Maggie
brushed by the island of Hawaii and produced very
heavy rainfall. Lorraine, on the other hand, was
correctly forecast from the satellite pictures to be
no threat to the islands.

Figure 2 is a photograph of an approaching tor-
nado—the most dangerous of all storms. We do not
yet understand how to predict the occurrence of
tornadoes with any d._gree of certainty. On the other
hand, the nearly continuous cloud photographs avail-
able from geosynchronous satellites, such as the

o =

sequence from ATS III shown in figure 3, permit
quick identification of regions in which such severe
storms might occur. Ground-based radar, another
form of remote sensing, because of its current avail-
ability to the forecaster, is of special value when
tornadoes are forming. Figure 4 shows a sequence
of radar photographs made in the vicinity of Lub-
bock on the same day as the satellite photos of
figure 3.

While there are a number of applications of
remote sensing techniques to environmental threats
and disasters, of which these two examples are
representative, there are other types of disasters
(earthquakes, for example) for which we have not
yet developed warning techniques. It is hoped that,
as we gain experience with remote sensing, these
techniques will be developed.

In the area of short-term prediction of environ-
mental events, there has been significant application
of environmental monitoring by remote sensing
techniques. Figure 5 is a computer-prepared mosaic
of the Northern Hemisphere on September 13, 1969,
which shows the distribution of clouds for the entire
region. This type of mosaic is now used routinely
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Ficure 1. Hurricanes Maggie and Lorraine east of Hawaii, August 25, 1970.
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Ficure 2. The most dangerous and unpredictable of all storms, a tornado approaches with
devastating speed.

by the National Meteorological Center at Suitland,
Maryland in the preparation of Northern Hemi-
sphere and North American weather analyses.

While cloud photographs are of great value in
portraying the weather situation, the meteorologist
cannot prepare a forecast without quantitative data
on the state of the atmosphere. A beginning has been
made in obtaining quantitative data from satellite-
borne remote sensors.

Figure 6 compares remote sensing data taken
from the satellite infrared spectrometer (SIRS)
flown on Nimbus III with conventional sounding
data taken from balloonborne radiosondes the same
day. SIRS uses infrared radiance at a variety of
wavelengths to determine the vertical temperature
profile of the atmosphere. Agreement with conven-
tionally obtained observation is excellent at this
station.

Although such infrared observations from a satel-

lite can be made only above the cloudtop level,
except in cloud-free areas, the data permit the con-
struction of a number of useful products. For exam-
ple, figure 6 also shows a 300-millibar constant-
pressure chart prepared entirely from satellite sound-
ings as compared with the chart for the same time
period prepared from conventional sounding data.
Such charts are used in the preparation of weather
forecasts.

Knowledge of the global sea surface temperature
is an essential type of data for improving long-range
weather forecasts because it contributes to knowl-
edge of the total energy balance of the ocean-atmos-
phere system. Figure 7 represents the temperature
distribution in the Pacific Ocean as determined by
satellite infrared sensors on Nimbus II. This type of
information is currently available on "an experi-
mental basis in cloud-free areas over the entire

globe.
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Ficure 3. Series of photographs from ATS III, taken at
1-hour intervals on May 11, 1970, shows tornado activity
in the vicinity of Lubbock, Texas.

Knowledge of the presence of ice and snow over
land and sea is important both for weather fore-
casting and for predicting the amount of water
which will be available in rivers and lakes following
runoff. Such information is also of importance in

predicting hazardous floods. Figure 8 is a satellite
photographic mosaic for March 10, 1970, showing
clouds usually visible in a satellite photograph. By
a special process, a composite mosaic (figure 9)
showing only the minimum brightness that appeared
over an area during 5 successive days is produced.
In this composite all but the most persistent cloudi-
ness has been removed, and the remaining bright
areas represent ice and snow. This type of product
is now being prepared regularly by the National
Environmental Satellite Service.

Interest in environmental prediction extends to
regions other than the atmosphere and oceans. For
example, sunspots, solar flares, and other types of
disturbances may affect communications, space and
aircraft operations, and even electric power net-
works on the Earth’s surface, so it is necessary to
predict such events and their effects on other regions
of the environment as accurately as possible. The
Space Disturbance Forecast Center of the NOAA
makes such predictions, making extensive use of
satellite data. Figure 10 shows schematically how
this function is performed. At present, the principal
sources of satellite data to the center are the NASA
ATS satellites and the NOAA satellites. Beginning
in early 1973, the GOES satellites will become an
important source of data, and other sources will be
added in future years.

We come now to an application area of very great
importance, even though the time dependence of the
data is less critical. The application I refer to is that
of detecting climatic change, whether attributable to
natural causes or to changes connected with weather
as we normally think of it, but also to changes or
trends in any aspect of environmental quality. This
is currently an area of very great concern in the
United States. In response to this concern, NOAA
has recently prepared a geophysical monitoring plan
for climatic change. Here we are concerned, for
example, with trends in average temperatures and
rainfall, the amount of carbon dioxide in the atmos-
phere, pollution of the atmosphere by harmful
particulate and gaseous matter, water pollution, and
land use.

Very accurate point observations are made at key
climatic reference stations, such as the one at the
top of Mauna Loa on the island of Hawaii (fig-
ure 11). Such stations, located in regions generally
free from local pollution sources, provide reference
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Ficure 4. Series of ground-based radar photos shows same tornado activity near Lubbock on

May 11, 1970.
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Ficure 5. Cloud distribution over entire Northern Hemi-
sphere is shown in this computer-prepared photomosaic.

data to which other observations may be related.
Byrd Station in Antarctica is another key reference
station.

Since a large percentage of the world’s fresh
water is stored in the form of snow and ice on the
Antarctic Continent, and since approximately 65
percent of the net blackbody radiation needed to
maintain the Earth’s equilibrium temperature is
emitted from that continent, temperature and pre-
cipitation trends in this region are critical to world
climate. To further this knowledge, deep holes have
been drilled in the glacial ice at Byrd Station and
at Camp Century in Greenland. Examination of the
various layers of ice has revealed the climatic his-
tory of the Earth for approximately the past 40 000
years, providing a reference for present trends.
Figure 12 is a cloud-free photograph of the Antarctic
Continent made using the composite minimum
brightness technique.

The significant value of satellite remote sensing
observations is that they provide a means for rela-
tively reliable interpolation between surface climatic
reference stations. For example, figure 13 represents
a 30-day brightness average from mid-July to mid-
August 1969 for the Northern Hemisphere; this is
an indication of the mean cloud cover and precipi-
tation for the month. Figure 14 is a 90-day average
during the winter of 1970-71.

Turning now to another part of the environment,
the coastal zones of the continents are an important
source of both mineral and biological resources.
But they are very susceptible both to pollution and
to misuse by man. The so-called wetlands or marshy
areas in the vicinity of the coast are very important
ecologically. Figure 15 shows a black-and-white
print of a false-color infrared photograph (top) and
a print of the infrared channel only (bottom) of the
coastal area of the State of Georgia in the southeast
part of the United States. This type of photography
permits clear identification of the wetlands, as can
be seen in the upper photograph. Repetitive cover-
age permits monitoring the quality of this portion
of the environment and rapid detection of any sig-
nificant change.

These examples indicate what has been done and
can be done with current technology for environ-
mental monitoring. We have only begun to- use
remote sensing for this purpose; most applications
are still in the planning stage. Because of the im-
portance to all of us of the future of the global
environment, I would like now to talk a bit about
the future and what it may bring in the way of
tools for environmental monitoring. I would also
like to speculate a bit about ways in which we may
work together in the future to insure a better en-
vironment for all mankind.

I have mentioned the value of satellite remote
sensing for interpolation between surface observa-
tions. This application should increase in the future
as we find means to measure more variables by
remote sensing. For example, the ability to obtain
global temperature and humidity soundings daily,
even from remote areas where there are no observers
present, will greatly contribute to our knowledge of
world climatology.

The acquisition and storing of data, while of
great value in itself, is not itself sufficient to solve
all environmental problems. A very high-priority
objective must be to develop a capability to model
the total environment and its interactions. Only
with such models can we determine the consequences
of man’s activities. The ability to observe and col-
lect data continuously over the entire globe will
inevitably make a major contribution to meeting
this objective.

Already we are modeling the Earth’s atmos-
phere, at least to some extent; these models are the
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basis of long-range weather forecasts. We must
now extend this concept to include the total spec-
trum of the environment, from the input of solar
energy through the dynamic processes of the upper
and lower atmosphere to interactions with the tur-
bulent oceans and the solid Earth beneath. Our
models must be sufficiently accurate to predict the
long-term effects of collective human actions such
as pollution, as well as individual actions such as
weather modification experiments. Within the next
10 years or so, we should have the capability to
observe virtually the entire physical environment
and its dynamic changes. Continuous global obser-
vations will enable us to complete the modeling
necessary for accurate prediction.

Other regional and global measurements will be
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needed to monitor environmental quality and pre-
vent its degradation. We will need to identify cer-
tain key indices of quality and attempt to relate
these indices to parameters which may be observed
from air and space. I should like now to speculate
as to what some of these indices might be and how
data for their monitoring might be obtained.

What are the significant indices of environmental
quality? In the absence of adequate environmental
models, this question is difficult to answer. We are
not sure we understand all of the parameters or the
functional relationships between these parameters
and environmental quality. Nonetheless, it may be
useful to suggest a list as a starting point for
discussion.

First of all, we do not understand by what means
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Ficure 7. Pacific Ocean temperature distribution prepared from Nimbus 2 IR sensor data.

events on the Sun affect the environment here on
Earth. At the same time, it would be foolish to
assume at this point that solar events do not affect
environmental events, at least in the upper atmos-
phere. We are already collecting data, much of it by
satellite, concerning sunspots, solar flares, solar
particle emissions, and other significant events. In
each case, indices of activity can be established.
Similarly, we measure electron and ion densities in
the upper atmosphere and fluctuations in the Earth’s
magnetic field.

In the lower atmosphere, there are undoubtedly
a number of parameters related to environmental
quality. These parameters in general have signifi-
cance both regionally and globally and hence must
be indexed as a function of time, place, and alti-
tude. Such parameters include the vertical distribu-
tion of atmospheric temperature, humidity, density,
cloud cover, and precipitation, all of which are con-
ventional climatic parameters. Surface temperature
is another important parameter which must be

indexed, and the mean temperature of the Earth is
almost certainly an environmental quality factor of
great importance.

With particular regard to air pollution, several
additional parameters might be measured. These
include, in addition to the climatic variables already
identified, such factors as turbidity, particulate and
gaseous contaminants, and the height of the mixing
layer. As an example of how an index might be
derived for one of these parameters by remote sens-
ing, one might install high-intensity monochromatic
light sources at key cities around the world for
viewing by multispectral sensors. Whenever cloud-
free conditions exist, both absorption and frequency
shift could be observed, and net particulate con-
tamination as well as particle size distribution might
be deduced. Active laser systems carried on a
satellite might make possible the measurement by
Raman scattering of gaseous contaminants such as
NO and NO, for the same regions. With this type
of data available, it should be possible to develop




116 EARTH RESOURCES SURVEY SYSTEMS

£SSA 3 PASS 4715 30 MAR 70 2013 OMT

Ficure 9. Five-day composite minimum-brightness mosaic
removes most clouds, leaving snow and ice clearly visible.

Ficure 8. Satellite photomosaic showing entire visible cloud
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F1cure 10. Schematic diagram of solar forecasting activities.
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Ficure 11. Mauna Loa climatic reference station.

an index of pollution, based on monthly averages,
for each of the cities with the high-intensity light
sources. These local index numbers could be com-
bined in some form to produce regional and na-
tional indices, and finally a global index of
pollution might be computed at regular intervals.

For the oceans, lakes, and coastal zones, we will
be interested in other parameters. The positions and
motions of large ocean currents have major effects
upon climate throughout the world. General circu-
lations of the oceans should be deducible from the

Ficure 12. Five-day composite minimum-brightness photo
of Antarctica.

sea slope produced by gravitational anomolies,
measurement of which may be obtainable in the
future from low-altitude drag-free satellites. Me-
teorological observations and measurements of sea
conditions will give some indication of probable
change in position of major currents, as well as
the behavior of smaller currents. Sea surface tem-
perature is an important parameter related to ocean
quality, as are chlorophyll content and the presence
of algae, all of which may someday be detectable
with satellite sensors. Sea ice, another factor affect-
ing ocean quality, can be observed by remote
sensing.

Ficure 13. Thirty-day average-brightness composite shows
mean cloud cover and precipitation over Northern
Hemisphere.
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FIGURE 14. Ninety-day average-brightness composite shows
mean cloud cover and precipitation for entire season.

Over the land areas of the world, another set of
parameters will be of importance. We will be con-
cerned with ice and snow cover; soil moisture and
types of soils; nature, extent, and health of vegeta-
tive cover; and land use practices, all of which
affect environmental quality and could be measured
by aircraft and satellite remote sensors. The Earth’s
magnetic field may prove to play a significant role
in environmental quality. It has been suggested, for
example, that the Earth’s magnetic field may be
slowly reversing, in which case it would pass
through zero at some future time. Since in the
absence of a magnetic field solar particles would
not be deflected, a dangerous rise in cosmic radia-
tion harmful to human beings and other animals
might then take place at the Earth’s surface.

Finally, as has been suggested earlier, the irregu-
lar motion of the poles as the Earth rotates may bear
an important relationship to major earthquakes
and other seismic events.

The list I have given is far from complete, but it

Ficure 15. Infrared photoimagery identifies wetlands on
Georgia coast in southeastern U.S.

does suggest the great variety of measurements
which may be necessary if we are to fully under-
stand our environment and prevent its degradation.
There seems little question that remote sensing from
space and from aircraft is destined to play a major
role in our attempt to preserve the global environ-
ment for future generations. Since we are all re-
volving around the same Sun together and the
environment is global, I have no doubt that the
problem of surviving on Earth can be approached
only through a common effort of all nations work-
ing together. In the next few decades we may well
face the greatest challenge to survival in the history
of the human race. With the aid of remote sensing
from space and from aircraft, let us dedicate our-
selves to meeting that challenge.




Remote Sensing of Environmental Quality

Gary W. NorTH

Remote Sensing Specialist,
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Man’s progress during a particular decade is often
labeled to indicate what happened during that
period. In the case of the 1970’s, a label was attached
before the first year in the new decade was half
over. So much emphasis has been placed on the
future of the resources of this planet that the 70’s
are almost certain to be known as the Decade of
Resources and the Environment.

During the last few years, through the eyes of
astronauts, cosmonauts, and unmanned space ve-
hicles, men throughout the world have had the
opportunity to view our planet from an entirely new
perspective. From hundreds and thousands of miles
out in space, we have seen how finite this globe of
ours really is. Using this new perspective, we must
now consider how to monitor and direct our future
activities so that we can insure that many more
generations will be able to survive on this planet
with some degree of comfort.

Many people have gone to great lengths to illus-
trate what our present problems are and what they
will be in the future. This exercise could appro-
priately be termed the “pessimistic phase” of our
new environmental concern, where one selects a
subject, gathers statistics, examines predictions, and
arrives at the inevitable conclusion that man is in
serious trouble if he continues to misuse his tech-
nology and his environment. But it is this same
technology that is the key to monitoring and im-
proving the environment. It is time to enter a second
phase of environmental awareness—to begin pre-
senting a positive approach to assessing and im-
proving environmental quality.

An excellent way to accomplish this task is
through the use of remote sensing. Remote sensing,

it should be remembered, applies to a series of
related activities. It includes not only the selection
of appropriate instruments, but data collection,
processing, distribution, and analysis. Furthermore,
as stated in the NASA Training Course in Remote
Sensing, prepared by the Willow Run Laboratories
of the University of Michigan, remote sensing is
based on inference (e.g.: “If cause C, exists, then
effect E, will be observed; and if effect E, is ob-
served, then cause C, must exist”). This cause-and-
effect relationship is exactly what environmental
quality assessment involves and is effectively illus-
trated by figure 1.

In trying to assess the quality of an environment,
it is sometimes easiest to single out the negative
aspects. This practice is being followed throughout
the world today whenever someone studies or dis-
cusses pollution. Recently, the Geographic Applica-
tions Program of the U.S. Geological Survey
(USGS) completed a study entitled “Remote Sensing
of Environmental Pollution.” This work was done
as a special project for the Department of the In-
terior’s Earth Resources Observation Systems
(EROS) Program and for the Earth Observations
Program of the National Aeronautics and Space
Administration (NASA). The intent was to illus-
trate the capabilities of various remote sensing de-
vices to detect, identify, measure, monitor, and
determine the effects of environmental pollution.

Samples of remotely sensed data were classified
as water, air, or land pollution, and within each
category an attempt was made to illustrate what can
be observed and/or monitored from current space-
craft, high- and low-altitude aircraft, and ground-
based platforms. Examples of data from a variety
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Ficure 1. Cause-and-effect relationship. The thermal infrared imagery on the left has detected two
effluents in a river. The effluent at A is from a sewage plant and is decidedly warmer than the
river. The effluent on the right is hot water being discharged from a power plant at B. The
sewage plant is one of several along this river and, like most municipal sewage plants, is
currently overloaded and must often discharge raw or partially treated sewage into the river.
The effect of this is quite evident on the color infrared photograph on the right. This photograph
was taken several miles downstream from the effluents and clearly shows how algae are now
growing from one bank of the stream to the other. Thus an inference can be made that if cause
C: (sewage and hot water) exist, then effect E; (algae) will be observed, and if effect E, (algae)
is observed, then cause C; (sewage and hot water) may exist.

of remote sensing instruments and of special
processing, enhancement, and analysis techniques
were also included.

During the tutorial portion of this workshop,
some of the 125 illustrations contained within the
report will be examined and discussed in detail.
These illustrations cover more than 50 of the en-
vironmental problems faced by this Nation. Some
of these may be problems in your country, while
others may not be; their extent and the ability to
recognize and cope with each of them will vary
from country to country. What one nation deter-
mines to be a critical environmental problem may
not be considered critical by a neighbor and, in
fact, may rate a much lower priority in terms of
that nation’s overall goals. However, as nations
continue to industrialize, they must learn from each
other, assist each other, and establish practices that
will make an acceptable quality of environment
practicable.

To show how action can be stimulated to im-
prove environmental quality through the collection,

analysis, and use of remotely sensed data, a series
of steps and procedures can be outlined and used
as guidelines to show how remote sensing can be
used to accomplish the following objectives:

1. Collect data for land use mapping.
2. Detect alien substances in the environment.

3. Identify specific pollutants and classes of
pollutants.

4. Measure varying concentrations of pollutants
through time.

5. Monitor the source, movement, and fate of
pollutants.

6. Determine the effects of pollutants on the
environment.

7. Analyze remotely sensed data to determine
environmental quality, determine the susceptibility
of the environment to degradation, and provide
data for comprehensive environmental planning and
modeling.
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STEPS AND PROCEDURES

The following steps and procedures are intended
to serve as suggested guidelines for conducting a
regional environmental quality study. They illus-
trate how a logical, orderly process should be fol-
lowed so that all the potential as well as current
environmental problems can be located and defined.
By following these guidelines or variations of them,
according to capabilities and resources available, it
is possible to carry out studies in different areas
and obtain consistent results.

Step 1. The first step in this regional study is to
define the area to be surveyed and then to collect
whatever environmental data are available. This
would include such things as geologic maps, soils
maps, topographic maps, climate and weather data,
recreation plans, utilities maps, etc. Such data are
usually referred to in a remote sensing program as
ground truth information and represent the first
step in gaining an understanding of a region.

Step 2. While ground truth is being collected, a
set of high-quality aerial photographs of the area
should be acquired. Experience with NASA’s Earth
Resources Aircraft Program has demonstrated that
medium-to-high-altitude (6 to 18 km) color infra-
red coverage, with either a 150- or 300-mm-lens
metric camera, can provide the best data. Color
infrared is extremely useful, since it penetrates haze
better than color emulsions, can be used effectively
to make black-and-white prints, is best for dis-
criminating various land uses, and provides clues
as to the health and vigor of various types of vege-
tation.

Step 3. After the aerial photography has been
acquired, it is advisable to prepare controlled mo-
saics of the coverage. Mosaics are made by piecing
together the strips of photography that cover the
study area, thus creating a photographic “map” of
the region. Users find that it is easier to relate to
a photomosaic than a map because of the increased
number of identifiable features. This type of product
is also an excellent storage medium for geodetic
positioning information. Such mosaics have proved
useful in various USGS and NASA projects. An
example of part of a controlled mosaic of Washing-
ton, D.C. is shown in figure 2D. The white grid
superimposed on this mosaic is the 1-by-1-kilometer
Universal Transverse Mercator grid used to plot

and/or extend positioning data. Parts A, B, and C
of figure 2 show the test site map, flightline map,
and camera coverage diagrams for a mission flown
over Washington, D.C. as part of a research pro-
gram to develop an atlas of land use changes for
each of the cities or regions shown on the map.
This program will be discussed in detail during the
second week of the International Workshop.

Step 4. Since it is necessary to know where
people are located and in what numbers, a fourth
step is to plot census tracts at the same scale as the
mosaics and aerial photography. A census tract is a
standard area used by the U.S. Bureau of the
Census for purposes of locating population totals.
While tract specifications may not be standard
throughout the world, many nations use a variation
of them to locate people counted during each census.
Figure 2E shows the census tracts and numerical
indicators for part of the Washington, D.C. area.

Step 5. The fifth step in an environmental
analysis may require the use of photo interpreters,
discipline scientists, or remote sensing specialists.
This step involves the preparation of a land use
map of the area, as shown in figure 2F. The various
colors on the map represent the different kinds of
land use or activity in the study area. It might indi-
cate where such things as industrial areas, garbage
dumps, sewage plants, parks, and recreational facili-
ties are located. By measuring these areas, it is
possible to determine how much land area is de-
voted to each activity.

Whenever a project requires land use mapping,
there is always a question of what scale or level of
information is required. Does the requestor want
to know where a particular type of industrial plant
is, or does he want to know where all industrial
plants are? Is he interested in a small group of
trees or the entire forest? This is true of remote
sensing of environmental quality. While it may be
necessary to photograph in detail a particular nega-
tive or positive aspect of the environment, such as
a sewage plant effluent, one still needs to know
what its place is in the total environment. To get
this picture you need so-called synoptic or small-
scale data. This data can be acquired from satellites
as shown in figure 3, by high-altitude aircraft, or
by using a short-focal-length camera from lower
altitudes.

This type of land use information can be ex-
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Pilot Projects: Urban & Regional Change Defec

Ficure 2. Elements of Census Cities Project and Atlas of Urban and Regional Change.

tremely useful to various people besides those con-
ducting the environmental analysis, and in most
cases it is usually collected for reasons other than
to determine environmental quality. Health officials,
for example, may wish to know where all the wet-
lands are so that they can adequately fight mos-
quitoes and thus cut down on the incidence of
malaria. Planners must know whether they are
allowing their cities to expand over the best agricul-
tural soils, while allowing the poorer areas to go
undeveloped. People concerned with pollution will
want to know where industries are located so that
they can determine which streams will probably be
carrying industrial byproducts. Synoptic studies

provide the basis for determining where detailed
work should be carried out and eliminate the
troublesome task of collecting vast quantities of
large-scale data only to find that just a few photo-
graphs are useful.

Step 6. Once the first five steps have been com-
pleted, one can begin extracting the specific infor-
mation concerning the detection, identification, and
monitoring of environmental pollutants. By careful
examination of the photography and use of stereo
and microscopic devices, interpreters can effectively
carry out a cataloging and inventory of effluents,
sewage plant locations, smokestack plumes, etc. By
plotting this data along with such things as the
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Ficure 3. Mapping metropolitan land use from Apollo color IR photography.

location of heavy industry, automobile junkyards,
etc., which may already have been located during
the preparation of the basic land use overlays, a
base map of pollution sources and indicators can
be compiled.

Once the basic photographic coverage has been
analyzed, the requirements for further photography
will become obvious. It is at this point that special
sensors, altitudes, and film/filter combinations will
be required. For example, it is highly recommended
that an infrared or multispectral line scanner be
flown over the major river systems in the region.
These data will provide information from the ultra-
violet to the infrared portion of the spectrum and
detect and record such things as oil spills and
thermal effluents. Figure 4 illustrates what varied
detections can be made with a multispectral scanner.

Another problem that will arise is the need for
time-variance or change-detection data. Figure 5
shows how coverage over a particular effluent
changed with time and allowed interpreters to iden-
tify it as coming from a nearby textile plant. Thus
the pollutants were not only detected, but also
identified and monitored through time. From these
observations, certain conclusions can be drawn re-
garding the movement and fate of pollutants and
what areas will be affected by their presence. With

effluent data for determining the vertical profile,
plus knowledge of the areal extent of the plumes on
the photographs, it is also possible to make an esti-
mate of concentrations.

It may also be very important to have seasonal
coverage, especially if there is only one set of aerial
photographs over the region. An excellent example
of why this is important is shown in figure 6. This
illustration shows how early spring coverage de-
tected the secondary effects of a ground water system
contaminated with municipal sewage. It is an excel-
lent example of how remote sensing detected the
effects of a pollutant on an environment before the
pollutant itself was seen or identified.

Many other specialty sensors could be employed
in a study area. They include such things as a
scintillation detector for radiation problems, a
decibel recorder for environmental noise, microwave
radiometers for temperature studies, and a variety
of instruments that can be operated on the ground.
A Fraunhofer line discriminator for detecting sub-
stances that fluoresce and a correlation spectrometer
for measuring quantities of air pollutants are cur-
rently undergoing research and development tests
and may soon be available. Examples of these in-
struments will be discussed in the second half of this
workshop.
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F1cure 4. Multispectral scanner imagery. A multispectral scanner was flown experimentally along
the Detroit River to see what the various channels could detect. The Detroit River is bordered
by heavy industry and is a likely place to locate industrial pollutants. A cursory examination
of the four images reveals many differences between them. On closer examination, the inter-
preter can detect oil pollution from the Rouge River in the 0.44-t0-0.66-um image; two different
steel mill discharges in the 0.58-t0-0.62-um images; a sewage treatment plant outfall in the 0.72-
t0-0.80-um image; and the thermal effluent from a power plant in the 8.0-to-13.5-um image.
These preliminary experiments are encouraging and may lead to automated image analysis.

Step 7. To facilitate analysis of the remotely
sensed data, several photographic and color en-
hancement processes should be investigated. Fig-
ure 7 shows how thermal infrared imagery over a
nuclear power plant effluent can be improved by
color enhancement, and how a boresighted radi-
ometer can provide temperature data at the same
time the thermal infrared imagery is acquired.
Figure 8 shows how a microdensitometer can be
used to break down the subtle surface temperatures
of a thermal plume. Data of this sort is useful in
determining the extent and fate of thermal effluents
and for indicating where sampling devices should
be placed. Figure 9 illustrates results of the process
of density slicing. The individual color photos show
how an original black-and-white photograph has
been quantified into five discrete bands correspond-
ing to the density, or grey shades, on the original
imagery. Each density level is then printed in a

different color and combined to form the composite
photo in the upper left corner.

These are but a few of the ways remote sensing
data can be exploited to produce environmental
information. Even more sophisticated techniques
are being explored to allow a computer to compare
multispectral imagery of specific pollutant images
or signatures. In fact, it is eventually hoped that
a signature data base can be established for various
types of pollutants.

Step 8. The next step in determining environ-
mental quality is to establish an information system
and a working model for the region. This involves
the use of a computer to store the available environ-
mental information on a particular region. Each
new set of data may then be entered and compared
with previously collected data. Out of this com-
parison may come new information on which to
base conclusions regarding environmental quality
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Ficure 5. Change detection data. The three low-altitude color photographs in this figure were
taken during a period of several weeks over the same area. Analysis of the first photograph
(upper left) suggested that the discharge might. be raw sewage, but subsequent coverage dis-
closed color changes in the effluent and allowed interpreters to identify the source as a nearby
textile plant. The ground photograph (lower right) was taken across the river from the
effluent at a time when a blue liquid was being discharged. This is not evident on the photograph
and shows the value of aerial monitoring.

assessment. For example, if someone wishes to know
what the phosphate content of a certain stream is, a
researcher could check to see how much fertilizer
containing phosphate has been purchased in the
area; next, he could check the land use overlays to
see where the agricultural areas are; then he could
check the average rainfall and ground slope condi-
tions to determine where phosphate runoff might
occur; he also could check on the sewage plants in
the area to see what percent of phosphates they are
treating or allowing to be dumped into the rivers;
and finally, he could update this information with
any new data or changes. From all of this data he
should be able to suggest what the phosphate pat-
tern of the stream is likely to be and to show where
sampling devices should be located to provide spe-
cific information. The same procedures can be used
to compute how much garbage and waste will be
produced in a certain region or how many junked

automobiles may exist from one year to the next.
In this way, environmental planners and decision
makers can have better information on which to
make land use decisions and, in turn, improve en-
vironmental quality.

Step 9. The final step in a regional environ-
mental quality study is to initiate corrective pro-
grams and practices. This involves decisions which
must be made by administrators, resource managers,
ecologists, planners, developers, etc. The first eight
steps outlined in this paper can provide informa-
tion on which to base most of these decisions. Once
corrective actions have been taken, it will probably
be of interest to these decision makers to monitor
the region for assessing environmental improve-
ments and/or violations. This, of course, can be
accomplished with remote sensing. Thus, if periodic
remote sensor coverage is acquired, it can be used
not only to produce new data to be analyzed and
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Ficure 6. Importance of seasonal coverage. The photograph above illustrates the importance of
seasonal coverage and how remote sensing can be used to detect a secondary effect of a group
water system contaminated with sewage. Upstream from where this photograph was taken a
small community has been dumping its sewage into a system of sink holes, thus contaminating
the ground water system and several springs that feed this stream. The color infrared photo-
graph was taken in March and there is snow on the ground, but because the contaminated water
is warm and full of nutrients, it has caused an early growth of vegetation along the edges of the
stream system. Thus, by photographing rivers and streams early in the spring, it may be possible
to detect the secondary effects of this type of environmental pollution when otherwise it might

go unnoticed.

entered into the information system, but it can also
be used to assess the success or failure of the cor-
rective action programs and practices.

CONCLUSIONS

Man has never lived in blissful harmony with
nature, and nature has seldom provided the perfect
home for man by his own definition. There have
always been elements in the environment which were
undesirable and beyond his control, such as specific

occurrences of algae, salty water, acid water, vol-
canic dust, smoke, and silt. These cannot be cate-
gorically classified as pollution, because they are
products of natural processes but, on the other hand,
man must be capable of coping with these byprod-
ucts of nature. Our society has removed or greatly
modified certain aspects of the natural environment
and ignored many others. By stimulating or restrict-
ing natural processes and increasing his consump-
tion rates, modern man is locally overburdening his
environment and, in so doing, is causing pollution
and degradation of environmental quality.
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Ficure 7. Color enhancement of thermal IR imagery. The
thermal IR imagery shown at top was collected over the
effluent of a nuclear power plant. The radiometer trace
(center) registered a rise in temperature of 8 °C at the
point where the river and the hot water meet. The grey
tones of the imagery were then converted into colors
(bottom) to aid in the discrimination of surface tem-
perature patterns. It should be noted that an incoming
tide has carried the hotter water upstream past the
channel mouth where the effluent enters the river. This
creates a problem in the normal dispersal and dissipation
of heat in the river.

Remote sensing can help provide the data that
man must have to guide him in the future. En-
vironmentalists, planners, health officials, fishermen,
industrialists, educators, students, scientists, and
government decision makers will one day have to
rely to a great extent on these types of data to tell
them what is happening to the natural and physical
Earth that sustains us. As mentioned in this paper,
one way to secure regional data on which to make
environmental quality assessments is through the
use of remote sensing according to the following
nine steps that have just been discussed.

1. Collect environmental information relating to
the study region.

2. Acquire high-quality aerial photography of the
region.

3. Prepare controlled mosaics of the photogra-
phy.

4. Collect census data and plot this information
on mosaics.

5. Prepare a land use map of the region.

6. Extract and plot all identifiable sources and
potential sources of land, air, ard water pollution.

7. Employ special analysis and enhancement
techniques to increase the level of information
extraction.

8. Establish an information system and working
model for the region.

9. Initiate corrective action programs and prac-
tices.

Although it is desirable to approach a regional
environmental quality study according to the nine
steps discussed in this paper, environmental quality
can be assessed without having to complete each and
every step. If, for example, you cannot acquire
controlled mosaics, an uncontrolled mosaic or stand-
ard map could be used to show the various land
use categories or sources of pollution. If your re-
sources do not allow you to acquire special sensor
data, employ special enhancement or analysis tech-
niques, or establish a computerized information
system, you should not be discouraged from col-
lecting aerial photography and using it in your
study. If your census data are not available by
tracts, you may wish to eliminate this step com-
pletely. In other words, your financial and tech-
nical resources will probably be the best indicator
as to which of the nine steps you are able to com-
plete. However, for most regional environmental
assessment programs it is recommended that steps
1, 2, 5, 6, and 9 be undertaken.

Remote sensing is a tool, or a source of informa-
tion, but it will not solve each and every problem.
It must be understood, interpreted, and carefully
used before it can provide many of the answers that
users desire of it. In a remedial context its use is
direct, in that it consists of locating and monitoring;
in a preventive context it is indirect, since it can
only point out potential problems on the basis of
previous detections.
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Ficure 8. Microdensitometry enhancement of thermal IR
imagery. The thermal infrared imagery at the left was
collected over a thermal electric power plant. To en-
hance the image of the effluent from this plant a film
transparency of the imagery was scanned with an ex-
tremely small light source contained within a micro-
densitometer. In this process very subtle temperature
gradients can be defined, as on the graph below, accord-
ing to the amount of light that passes through the film.
Once the graph has been completed and surface tem-
perature samples plotted (indicated by X’s), temperature
contours of the surface layer of hot water can be drawn.

Today there is talk of worldwide pollution prob-
lems and what modern man is doing to ecological
cycles. Nations must move toward establishing in-
ternational monitoring and analysis programs, and
remotely sensed data could prove to be the linking
element in such efforts. Cooperative aircraft pro-
grams and the availability of Earth Resources Tech-
nology Satellite data could be two important steps
toward establishing a quality environment through-
out the world.

What are the environmental problems in your
country ? What potential problems will you have to
face? What is your role in the international moni-
toring programs? Can you, or should you, use
remotely sensed data to help solve your problems?
These are questions that each of you should keep in
mind and seek answers to, during the next week
and when you have departed from this Interna-
tional Workshop on Earth Resources Survey Sys-
tems.
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Ficure 9. Density slicing. The photographs in this figure
are reductions of six color separations of a single
green-band black-and-white photograph. The original
photograph has been quantified into five discrete spectral
bands corresponding to the density, or grey shades, on
the original image. Each level is then assigned a color
and printed on a transparent material so that they can
be combined in various combinations as illustrated by
the composite photograph in the upper left-hand corner.
Collateral ground checking indicates that the bright
yellow color in the upper part of the photograph is
related to sewage in the water and the bright red or
purple color is oil lying on the surface of the water.
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The Earth Resources Survey Flight Programs

ArcH B. Parx
Chief, Earth Resources Survey Program, NASA

In the Earth Resources Survey Program of the
National Aeronautics and Space Administration
(NASA), three space flight experiments are
planned: the Earth Resources Technology Satellite
A (ERTS-A), scheduled to be launched in March
1972; the Earth Resources Experiment Package
(EREP) of the manned Skylab orbital facility,
scheduled for launch in April 1973; and ERTS-B,
scheduled for launch in May 1973 (figure 1).

These experimental flights will collect sensor data
which may be applied to research in agriculture,
forestry, ecology, geology, geography, meteorology,
geomorphology, hydrology, hydrography, ocean-
ography, and other fields for the purpose of identify-
ing agricultural species; measuring growth rates;
assessing crop vigor and stress; classifying land
use; determining land surface composition and
structure; mapping snow cover and assessing water
runoff characteristics ; mapping pollution, shorelines,
and estuaries; evaluating sea roughness conditions;
and similar projects. Proposals to investigate auto-
matic data processing techniques and instrument
performance (such as the altimeter) will also be
considered. ERTS-A and B will be placed in a Sun-
synchronous near-polar orbit at an altitude of

910 km.

DESCRIPTION OF SPACE SYSTEMS

The ERTS-A and B sensor payload consists of
(1) a multispectral TV system using return-beam
vidicon (RBV) cameras, (2) a multispectral scan-
ner (MSS) system, and (3) a data collection sys-
tem for collecting data from sensors at known
locations on the Earth. The RBV cameras are
sensitive to the following wavelengths: camera 1,
0.475 to 0.575 pm; camera 2, 0.580 to 0.680 pm;

Ficure 1. The newest Earth observation satellites: ERTS
(left) and Skylab.

camera 3, 0.690 to 0.830 pm. The average ground
resolution per TV line ranges from 50 meters for
high-contrast scenes (desert sand vs. shadow) to 85
meters for low-contrast scenes (vegetation vs. dark
soil).

The MSS is sensitive to the following wavelengths:
band 1, 0.5 to 0.6 pm; band 2, 0.6 to 0.7 um; band
3, 0.7 to 0.8 pm; band 4, 0.8 to 1.1 wm; band
5, 104 to 12.6 pm (ERTS-B only). Comparable
ground resolution for the scanner is approximately
80 meters, except for band 5, which is 220 meters.

The bulk data processing operation consists of
conversion of recorded video signals from the RBV
cameras and the multispectral scanner to photo-
graphic film, plus addition of suitable annotation
to these images. The processing operation also in-
cludes processing of spacecraft housekeeping telem-
etry for the purpose of extracting camera shutter
times, sensor calibration information, and space-
craft attitude. The computation of spacecraft attitude
and geographic coordinates of image centers is also
a major data processing operation. Selected image
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sets will be digitized, registered, rectified, and con-
verted to some standard map projection system,
e.g., Universal Transverse Mercator.

The Data Services Laboratory (DSL) for ERTS-
A and B will provide users, principal investigators,
project personnel, and archives: (1) RBV and MSS
bulk images (to user agencies and investigators) ;
(2) RBV and MSS digitized data (per arrangement
with user agencies and investigators) ; (3) RBV and
MSS precision-processed images (per arrangement
with user agencies and investigators) ; (4) data col-
lected from platforms, listings, or digital tapes
(per arrangement with user agencies and investiga-
tors) ; (5) master digital tapes containing space-
craft performance parameters, orbit and attitude
data (per arrangement with user agencies and in-
vestigators).

The ERTS photographic lab will be established
to provide: (1) master and second-generation nega-
tives, (2) positive transparencies and prints, (3)
color composites, (4) high-precision imagery in
many forms, (5) montage catalog prints and bound
volumes. Magnetic tape duplication and listing
facilities will be provided to produce second copies
of recorded analog and digital tapes.

Skylab will be a solar-pointing, inertially stabi-
lized spacecraft. To use the EREP sensors, Skylab
will be maneuvered to an Earth-oriented mode. A
minimum of 45 maneuvers are planned for the 8-
month mission. Specific sensors under development
for Skylab (EREP) are as follows: '

S-190—A six-band multispectral photographic
facility using 70-mm film. The wavelength response
of the S-190 is as follows: camera 1, 0.5 to 0.6
pm; camera 2, 0.6 to 0.7 pm; camera 3, 0.7 to 0.8
pm; camera 4, 0.8 to 0.9 um; camera 5, 0.5 to
0.88 pm; camera 6, 0.4 to 0.7 ym. The lenses will
have a focal length of 15.2 cm (21.2° field of view
across flats), providing an approximately 163-km
square surface coverage (26 600 km?) from the 435-
kilometer orbit.

S—-191—A filter-wheel infrared spectrometer
which covers the 0.4-to-24 and 6.2-t0-15.5.-pm
bands.

S-192—A multispectral scanner operating in the
band from 0.4 to 12.5 pm. The wavelength response
(in um) of the S-192 is as follows: (1) 0.410 to
0.460; (2) 0.460 to 0.510; (3) 0.520 to 0.556; (4)
0.565 to 0.609; (5) 0.620 to 0.670; (6) 0.680 to

0.762; (7) 0.783 to 0.880; (8) 0.980 to 1.080; (9)
1.090 to 1.190; (10) 1.200 to 1.300; (11) 1.550
to 1.750; (12) 2.100 to 2.350; (13) 10.200 to
12.500. The sensitivity (noise equivalent reflectivity)
of the visible and reflective infrared bands will be
about 1 percent, and the sensitivity (noise equiv-
alent temperature) of the thermal band will be 0.4
K. Each band will have an instantaneous field of
view of 80 meters square.

S-193—A microwave radiometer/scatterometer
and altimeter facility operating near 13.9 GHz.

S-194—A passive L-band radiometer operating
near 1.4 GHz.

All data will be cataloged, indexed, and entered
into an information storage and retrieval system.
Lists will be published showing the data existing
from the Skylab EREP and other Earth Resources
Survey Program-acquired data. Maps will be pre-
pared to show the flight track and area covered
by each sensor for all approved test sites.

Data packages will be formed for each approved
investigator, containing the following items as ap-
propriate for his investigation: film from S-190 and
S-191 (positive and/or negative) ; quick-look film
and digital CCT’s of S-192 data; digital tapes,
plots, and tabulations of S-193 and S-194 data;
flight logs; Dbest-estimate trajectory; voice tran-
scripts versus time; mission anomalies versus time;
and maps of flight track showing coverage.

All S-190 film will be annotated to show co-
ordinates of the principal point and corner points
of the photograph (latitude, longitude), time, al-
titude, wavelength band of photo, film type, exposure
time, f-number, density and gamma used for process-
ing, filter, and generation of the copy.

NASA’s Earth Resources .Aircraft
(ERAP) is directed primarily at testing a variety
of remote sensing instruments and techniques in
aircraft flights over preselected test sites mostly in
the continental United States, although sites in
other countries and geographic areas (such as the
Gulf of Mexico, the Caribbean Sea, the Atlantic
Ocean, and South America) are also chosen as the
occasion warrants.

THE EARTH RESOURCES AIRCRAFT
PROGRAM

The ERAP presently includes three aircraft, op-
erated and scheduled out of the Manned Spacecraft

Program
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Center (MSC) at Houston, Texas. They are the
NP-3A, NC-130B, and RC-57B aircraft. In addi-
tion, MSC coordinates the scheduling and operation
of a C47 contract aircraft operated by the Univer-
sity of Michigan. The program has recently been
augmented by the acquisition of two U-2 aircraft,
to be managed by the Ames Research Center with
primary basing at Moffett Field, California, for the
high-altitude acquisition of ERTS simulation data.
From time to time other NASA aircraft or aircraft
of other agencies fill in to meet specific program
needs. The ERAP aircraft and sensor systems are
described below. -

NP-3A (NASA 927 )—A version of the Lockheed
P-3A Orion, this aircraft was acquired on loan
from the Navy in December 1965 and became
operational in 1967. Its function is to acquire data
from low and intermediate altitudes, and it is
heavily involved in obtaining oceanographic data.

The NP-3A is a four-engine turboprop aircraft
with an operational ceiling of 7.5 km and an.en-
durance of 6 hours at altitude, approaching a
3200-km range. It can attain airspeeds of 275 to
610 km/h and carries a three-man flight crew. It
can also carry a survey crew of up to 11 men, de-
pending on the sensors being used.

Sensors which may be carried include camera
systems, a laser profiler, infrared systems, an imag-
ing line scanner (RS-14 dual-channel scanner),
passive microwave, active microwave (radar), and
environmental systems.

Camera systems include two Wild-Heerbrugg
RC-8 cameras, four Chicago Aerial KA62 multi-
band cameras, and a Flight Research model 207
(boresight) camera.

Infrared systems include a filter-wheel spectrom-
eter, an infrared radiometer, and a precision radia-
tion thermometer (PTR-5).

The passive microwave systems comprise a multi-
frequency microwave radiometer (MFMR) and a
passive microwave imaging system (PMIS).

The active microwave (radar) system has as its
components a 16.5-GHz side-looking airborne radar
(SLAR) and two scatterometers in the 400-MHz
and 13.3-GHz frequency ranges.

The environmental systems comprise a liquid
water content indicator, a total air temperature in-
dicator, and a dewpoint hygrometer.

Systems which support the aircraft and the opera-

tion of these sensor arrays include a radar altimeter
(APN-159), a doppler radar, an inertial navigation
system (LTN-51), a loran navigation system, an
auxiliary data annotation system (ADAS), a 14-
channel tape recorder (AR1600) and a four-channel
strip chart recorder.

The ADAS provides information as to altitude,
groundspeed, drift angle, pitch, roll, heading, and
other such information needed to correlate the data
acquired with time and geographic position.

The tape recorder provides a direct record with
1.5-MHz response at 152.4 cm/s, with signal con-
ditioning for continuous bandwidth, proportional
bandwidth, and pulse-code modulation.

NC-130B (NASA 929)—In September 1969, a
Lockheed Hercules was obtained to provide the
program with greater ranges, altitudes, and pay-
loads. The NC-130B is a four-engine turboprop
aircraft, with an operational ceiling of 9 km, an
endurance of 8 hours at this altitude, and a range of
4000 km. True airspeeds range from 275 to 610
km/h. Three men make up the flight crew, and
accommodations can be made for an eight-man
survey crew, depending on the sensors being em-
ployed.

Sensor systems include cameras (two Wild-
Heerbrugg RC-8’s and six Hasselblad EL-500
multiband cameras), an infrared precision radiation
thermometer (PRT-5), imaging line scanners (a
24-channel multispectral scanner and a Reconofax
IV infrared scanner), a 13.3-GHz active microwave
scatterometer, and environmental systems including
a liquid water content indicator, a total air tem-
perature indicator, and a dewpoint hygrometer.

Support systems include the radar altimeter
(APN-159), the LTN-51 inertial navigation sys-
tem, a closed-circuit television system, and a two-
channel strip chart recorder. The ADAS and the
AR1600 14-channel tape recorder are similar to
those in the NP-3A aircraft. '

RB-57F (AF13501)—An agreement with the
U.S. Air Force permitted flight time aboard an Air
Weather Service RB-57F reconnaissance aircraft
for the high-altitude phase of the program which
began in July 1969.

The RB-57F is equipped with two TF-33 turbo-
fan engines plus two J-60 auxiliary engines. It can
cruise at an operational altitude of from 12 to 18
km, with 5 hours’ endurance over a range of 4000
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km at a true airspeed of 740 km/h at maximum
altitude. The craft carries a two-man crew con-
sisting of the pilot and a systems operator/navigator.

Camera systems on board consist of two Wild-
Heerbrugg RC-8 cameras, either a Zeiss RMK
30/23 or 15/23 camera or a Chicago Aerial KASOA
camera, six Hasselblad EL-500 multiband cameras,
and a Flight Research model 207 (boresight)
camera.

Infrared systems include the filter-wheel spectrom-
eter and the infrared radiometer.

The RS-7 infrared scanner provides an imaging
line scanner to complete the sensor array.

Support systems on the RB-57F aircraft are
identical to those on the NC-130B, less the strip
chart recorder.

C—47—The C—47 aircraft operated by the Willow
Run Laboratories of the University of Michigan
serves as an aerial platform for the multispectral
data collection system developed by the university
under Government sponsorship. This system is com-
posed of four detector assemblies, one installed at
each end of two dual-channel scanners which pro-
vide calibrated radiation references through 18
multiband data channels in the 0.3-t0-14.0-pm
wavelength region.

The airborne sensor equipment is installed in
two instrumentation wells in the bottom of the C47
aircraft, housing the imaging equipment. The air-
borne system is operated by a crew of seven, in-
cluding the pilot, copilot, and flight engineer. Data
is collected at flight altitudes from 150 meters to
4.5 km above sea level.

At an altitude of 300 meters, spectral signatures
of targets as small as approximately 3 meters in
diameter can be registered quantitatively in 18 bands
on magnetic tape. The quantitative measure of the
signal level (radiance) in each band is established
by interpolation between two known radiation in-
puts at the scanner aperture. The radiation inputs
are common to data channels within a scanner and
can be compared between scanners.

U-2—NASA is expanding its airborne research
program by acquiring two U-2 aircraft on loan
from the U.S. Air Force. The primary function of
these high-altitude aircraft will be to provide ERTS
simulation data. Other uses will be to collect under-
flicht data over various test sites simultaneously
with passes of the ERTS satellites and Skylab and

to support Earth resources survey programs of other
agencies.

The U-2 is a single-seat aircraft powered by a
J-75 turbojet engine. It is capable of flying at an
altitude of about 20 km at true airspeeds of 720
km/h and is thus ideally suited as a platform for
remote sensing of large areas. For example, a single
photograph from high altitude can encompass 130
square kilometers of the Earth’s surface.

Initially, it is planned to fly the International
Imaging Systems Mark I multispectral camera on
these aircraft. Subsequently, cameras of the 70-mm
film format with 45-mm-focal-length lens will be
installed as the “workhorse” sensors to provide
small-scale, multispectral, repetitive data for selected
areas in the ERTS simulation program.

Figures 2 through 4 show the location of the
sensors on three of the aircraft in the program. The
ERTS simulation cameras in the U-2 will be
located conventionally in the camera bay.
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Ficure 2. Bottom view of NC-130B.

AN INTEGRATED PROGRAM

The aircraft program has supported the basic and
applied research which has been conducted by
NASA and the cooperating agencies of the Govern-
ment since 1965. The ERTS simulation to be per-
formed by the U-2 aircraft involves the overflight
of three different areas in the U.S. representing
different resource management problem areas.
Flights will be repeated each 18 days so that in-
vestigators studying these areas will have experience
with data supplied by the multispectral cameras,
which have the same frequency response and repeti-
tion rate as the ERTS television cameras.
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Ficure 4. Bottom view of RB-57A.

When ERTS-A is launched, the aircraft in the
program will by flying in support of the spacecraft
experiments, many of which require multistage
sampling, which is to be described later in the
workshop. It is the opinion of the majority of the

senior investigators in the Earth Resources Survey
Program that there is a role for both aircraft and
spacecraft in the program, and that the two systems
should not be considered to be in competition, but
as complementary parts of an integrated program.
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Systems Approach to the Use of Remote Sensing

Davip LANDGREBE

Director, Laboratory for Applications of Remote Sensing,
Purdue University

A tutorial discussion is presented of Earth resources information systems which utilize satellites
as sensor platforms. It points out that information may be derived by sensing and analyzing the
spectral, spatial, and temporal variations of electromagnetic fields emanating from the Earth’s
surface. After an overview of a system organization is presented, the two broad categories of system
types are discussed: (1) systems in which high-quality imagery is essential and (2) systems that
are more numerically oriented. Sensors are also discussed with this categorization of systems in mind.

The multispectral approach and pattern recognition are described as examples of data analysis
procedures for numerically oriented systems. The steps necessary in using a pattern recognition
scheme are described and illustrated with data obtained from Apollo 9. Both manual and machine-

aided training techniques are described for the pattern recognition algorithm.

WHAT IS REMOTE SENSING?

Imagine that you are high above the surface of
the Earth looking down on it and that you want to
survey the Earth’s surface in order to learn about
its resources and thus to manage them better. How
can this information be derived? What must the
system to extract it look like?

The field of remote sensing provides some of
the answers. Remote sensing is the science and art
of acquiring information about material objects
from measurements made at a distance, without
coming into physical contact with the objects. In
remote sensing, information may be transmitted to
the observer either through force fields or electro-
magnetic fields, and in particular through the
spectral, spatial, and temporal variations of these
fields. Therefore, to derive information from these
field variations, one must be able to measure the
variations and relate these measurements to those
of known objects or materials. If, for example, one
desirés a map showing all of the water bodies of a
certain region of the Earth, it is clear that one can-
not sense the water directly from spacecraft altitudes,
but only the manifestations of water that exist at

that height. These manifestations, in the form of
electromagnetic radiation, must therefore be meas-
ured and the measurements analyzed to determine
which points on the Earth contain water and which
do not.

Of the two types of fields mentioned above,
electromagnetic fields provide perhaps the greatest
potential. The remainder of these remarks will be
confined to fields of this type. Figure 1 provides a
review of the electromagnetic spectrum. The visible
portion, extending from 0.4 to 0.7 pm, is the most
familiar to us because it is this portion of the
spectrum to which our eyes are sensitive. Sensors
can be built, however, to cover a much broader
range of wavelengths. The entire portion from 0.3
to 15 um, referred to as the optical wavelength por-
tion, is of particular interest. The optical wave-
lengths shorter than 0.4 pm are in the ultraviolet
region. The portion with wavelengths longer than
0.7 pm is the infrared region, with the band from
0.7 to approximately 3 pm referred to as the re-
flective infrared and the region from 3 to 15 pum
called the emissive or thermal infrared region. In
this latter portion of the spectrum, energy is
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Ficure 1. The electromagnetic spectrum.

emitted from a body as a result of its thermal
activity, or heat, rather than being reflected from it.

In addition to the optical wavelengths, the micro-
wave range is also useful in remote sensing. Pre-
liminary results using both passive microwave and
radar sensors indicate considerable promise for the
microwave portion of the spectrum. For reasons of
simplicity and in the interest of time, however, we
shall limit our considerations in the remainder of
this discussion to the optical portion of the spectrum.

Figure 2 is a diagram of the organization of an
Earth survey system. It is necessary, of course, to
have a sensor system viewing the portion of the
Earth under consideration. There will necessarily
be a certain amount of onboard data processing.
This will perhaps include the merging of data from
other sources, such as sensor calibration and data
about where the sensor was pointed.

One must next transport the data back to Earth
for further analysis and processing. This may be
done through a telemetry system, as will be the case
for the Earth Resource Technology Satellite
(ERTS), or through physical package return, as
will be used with Skylab. There is then usually a
need for certain preprocessing of the data before
the final processing with one or more of the data
reduction algorithms. It is at this point in the
system, when the data is reduced to information,
that it is usually helpful to merge ancillary informa-
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Ficure 2. Block diagram of an Earth survey system.

tion, perhaps derived from sources on the surface
of the Earth.

An important part of the system which must not
be overlooked is indicated by the last block in
figure 2, that of information consumption, for there
is no reason to go through the whole exercise if
the information produced is not to be used. In the
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case of an Earth resources information system, this
last portion can prove to be the most challenging
to design and organize, since many potential con-
sumers of this information are not accustomed to
receiving it from a space system and may indeed
know very little about the information-providing
capabilities.

to deal with these experimental variables in several
ways. We shall touch briefly on this point later in
the discussion.

Summarizing, then, it is possible to derive in-
formation about the Earth’s surface and the con-
dition of its resources by measuring the spectral,
spatial, and temporal variations of the electro-
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Ficure 3. Reflected (R) and emitted (E) radiant energy exchange in a natural environment.

Before leaving the matter of the organization of
an information system, the necessity of having a
thorough understanding of the portion of the system
preceding the sensor must be pointed out. Figure
3 shows a simplified version of the energy exchange
in a natural environment. It is possible, of course,
to detect the presence of vegetation on the Earth’s
surface by measuring the reflected and emitted
radiation emanating from the vegetation. One must
understand, however, that there are many experi-
mental variables active. For example, the Sun pro-
vides a constant source of illumination from above
the atmosphere, but the amount of radiation that
is reflected from the Earth’s surface depends upon
the condition of the atmosphere, the existence of
surrounding objects, and the angle between the
Sun and the Earth’s surface, as well as the angle
between the Earth’s surface and the point of ob-
servation. Even more important is the variation
which will exist in the vegetation itself. It is possible

magnetic fields emanating from points of interest
and then analyzing these measurements to relate
them to specific classes of materials. To do so,
however, requires an adequate understanding of
the materials to be sensed and, to make the informa-
tion useful, precise knowledge about how the in-
formation will be used and by whom.

THE DUALITY OF SYSTEM TYPES

When we consider the state of the art of remote
sensing today, a duality of system types becomes
readily apparent. Development in the field has had
two major stems since it originated from two some-
what different types of technology. These two types
of systems will be referred to here as (1) image
oriented and (2) numerically oriented.

An example of an image-oriented system might
be simply an aerial camera and a photointerpreter.
The photographic film is used to measure the spatial
variations of the electromagnetic fields, and the
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photointerpreter relates these variations to specific
classes of surface cover. Numerically oriented sys-
tems, on the other hand, tend to involve computers
for data analysis. Although the photointerpreter
and the computer, respectively, tend to be typical
of the two types of systems, it would be an over-
simplification and indeed incorrect to say that they
are uniquely related to these system types. This
becomes clearer upon further examination.

Figure 4 compares the organization of the two
system types. Both types of system need a sensor
and some preprocessing. The distinction between
the types can perhaps be brought out most clearly
by noting the location of the FORM 1MAGE block in
the two diagrams. In the image-oriented type, it is
in line with the data stream and must precede the
ANALYSIS block. Numerically oriented systems, on
the other hand, need not necessarily contain a FORM
IMAGE block. If they do, and in Earth resources
they usually do, it may be at the side of the data
stream, as shown. It may thus be used to monitor
the operation of the system and perhaps to do some
special-purpose analysis as needed.

In considering the design of information gather-
ing systems, it is of great importance that the sensor,
as well as the means of analysis to be used, be well
mated to the type of system orientation. Let us
briefly consider the types of imaging space sensors
available.

Perhaps the single most distinguishing character-
istic of Earth resources information systems is that
a very large amount of data can be, and indeed
must be, gathered in order to derive the desired in-
formation. Since an image is a very efficient way
to communicate large quantities of data to man, we
shall arbitrarily restrict this discussion to sensors
which are capable of creating images. Imaging
sensors can be broadly classified as photographic,
television, and scanner types.

The great advantage of photography is the high
spatial resolution that can be achieved; but to main-
tain this high resolution, data retrieval by physical
package return is required. Also, photography as
a sensor is useful only in the visible portion and
a small part of the reflective infrared portion of
the spectrum.

Television has the advantage that the signal
occurs in electrical form and is therefore immedi-
ately ready to be transmitted back to the Earth.
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Ficure 4. Organization of image-oriented and numerically
oriented systems.

Storage of the data, however, is not inherently pres-
ent in the system in a permanent form, as it is in
the case of photography. In using a television sensor
in a space system, it is not necessary to carry along
a large quantity of a storage medium (such as
photographic film). This advantage may be viewed
both as an advantage of size and weight and as one
of efficiency in that a satellite may be operated a
very long time with a single servicing. Television
sensors are restricted to approximately the same
spectral range as photography, however.

Scanners can be built to operate over the entire
optical wavelength range. They can also provide a
greater photometric dynamic range. In order to
acliieve these advantages, however, they tend to be
more mechanically complex.

It is important to realize that the advantages and
disadvantages mentioned here must be considered
only as examples, since the advantages and disad-
vantages in any specific instance will depend upon
the precise details of the system. General statements
are also difficult to make as to the type of sensors
that will be best for image-oriented and numerically
oriented systems. There is a clear tendency to favor
photography for image-oriented systems because
of its high spatial resolution capability, while multi-
band scanners tend to be favored for numerically
oriented systems because they make available greater
spectral and dynamic ranges.

The technology for pictorially oriented systems
is relatively well developed. Sensors best suited to
this type of system have been in use for some time,
as have appropriate analysis techniques. This type
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of system also has the advantage of being easily
acceptable to the layman or neophyte. This is an
important advantage in the Earth resources field,
since many new data users are expected. Similarly,
it is well suited for producing subjective informa-
tion and is especially well suited to circumstances
where the classes into which the data is to be
analyzed cannot be precisely established beforehand.
Thus man, with his superior intelligence, can be
deeply involved in the analysis activity. Pictorially
oriented systems also can be relatively simple and
inexpensive. On the other hand, it is difficult to use
them for large-scale surveys over very large areas
involving very large amounts of data.

In the case of numerically oriented systems, the
technology is much newer and not nearly so well
developed, though very rapid progress is being
made. Because the various steps involved tend to be
more abstract, they tend to be less readily under-
standable to the layman. This type of system is best
suited for producing objective information, and
large-scale surveys covering large areas are cer-
tainly possible. Numerically oriented systems tend
to be generally more complex, however.

In summary to this point, the state of the art is
such that there are two general types of systems.
This duality exists primarily for historical reasons
and because of differences of the points from which
technology development began. One type is based
on imagery, and therefore a key goal of an inter-
mediate portion of the system is the generation of
high-quality imagery. In the other case, imagery is
less important and indeed may not be necessary at
all. It is not appropriate to view these two types of
systems as being in competition with one another,
since they have different capabilities and are useful
in different circumstances. These two stems of
technology are approaching one another so that the
differences between them are becoming less distinct.

We will proceed now to a further consideration
of numerically oriented systems, since this type
may be less familiar. In particular, we shall examine
a type of data analysis that is useful in this type of
system.

THE MULTISPECTRAL APPROACH AND
PATTERN RECOGNITION

In recent years considerable effort has been
devoted to what is referred to as the multispectral
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Ficure 5. Multispectral photography of color cards.

approach for data analysis. An initial understanding
of what is meant by the term multispectral approach
may be obtained by considering figure 5. In the
upper left is a reproduction of a conventional color
photograph of a set of color cards. The remainder
of the figure shows photographs of the same color
cards taken with black-and-white film and several
different filters. The passband of each filter is in-
dicated beneath the particular color card set. For
example, in the 0.62-t0-0.68-ym band, which is in
the red portion of the visible spectrum, the red
cards appear white in the black-and-white photo,
indicating a high response, or a large amount of
red light energy being reflected from these cards.
The multispectral approach in this case amounts to
identifying any color by noting the set of gray-scale
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Ficure 6. Multispectral response of corn, alfalfa, stubble,
and bare soil.
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values produced on the black-and-white photographs
for that particular color rectangle.

Figure 6 shows images of an agricultural scene
taken in three different portions of the spectrum.
Note that in the three bands alfalfa has responses
which are dark, light, dark, respectively, whereas
bare soil is gray, dark, white. Thus alfalfa can be
discriminated from bare soil by identifying the
fields which are dark, light, dark in order in these
three spectral bands.

One may initially think of the multispectral ap-
proach as one in which a very quantitative measure
of the color of a material is used to identify it.
Color, however, is a term usually related to the
response of the human eye. The terminology of
spectroscopy is more precise and therefore more
useful in understanding the multispectral approach,
which is applicable beyond the visible region.

In order to understand this approach and to see
how a numerically oriented system may be based
upon it, consider figure 7. Shown at the top is a
graph of relative response (reflectance) as a func-
tion of wavelength for three types of Earth-surface
cover material: vegetation, soil, and water. Let two
wavelengths marked A, and A, be selected. Shown
in the lower part of this figure are response data for
these three materials at these two wavelengths,
plotted with respect to one another. For example, in
the upper graph soil has the largest response at
wavelength ),; this manifests itself in the lower
plot in that soil has the largest abscissa value (the
greatest displacement to the right).

It is readily apparent that two materials whose
response as a function of wavelength are different
will lie in different portions of the two-dimensional
space.* When this occurs, one speaks of the materials
involved as having unique spectral signatures. This
concept will be pursued further presently; at this
point it is important to recognize that the concept
of a spectral signature is a relative one. One cannot
know that vegetation has a unique spectral signature,
for example, until one sees the plots resulting from
the spectral response of other materials within the
scene to be analyzed. Note also that a larger number
of bands can be used. The response at A; could be
used and the data plotted in three dimensions. Four
or more dimensions indeed have meaning and

* This space is referred to as feature space.

Response A2 — Vegetation
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FIcURE 7. Spectral data in two-dimensional feature space.

utility, even though an actual plot of the data is not
possible.

So far no spatial or temporal information has
been involved, only spectral. Temporal information
can be utilized in several ways. Time is always a
parameter of the spectral response of surface ma-
terials. As an example, consider the problem of
discriminating between soybeans and corn. Under
cultivation, these two plants have approximately
140-day growing cycles. Figure 8 illustrates what
the two-dimensional response plot might be for fields
of these two plants with time as a parameter. Upon
planting and for some period thereafter, fields of
soybeans and corn would merely appear to be bare
soil from an observation platform above them.
Eventually though, both plants would emerge from
the soil, develop a canopy of green vegetation, and
diminish. As viewed from above, the fields of soy-
beans and corn would, in fact, always be mixtures
of green vegetation and soil. In addition to the
vegetation of the two plants having a slightly dif-
ferent response as a function of wavelength, the
growing cycles and plant geometries are different.
Thus, the mixture parameters permit an even more
obvious difference between the two plants than the
spectral response difference of the plant leaves
themselves. This is shown in figure 8 by the rather
large difference between the two crops at 30 days
from planting date (partial canopy) as compared to
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75 days (full canopy). Thus, one way in which
temporal information is used is simply in determin-
ing the optimum time at which to conduct a survey
of given materials.

A second use of temporal information is perhaps
less obvious. Consider the situation of figure 8 at
the 75-day and 100-day points. In this case the
separation of the two materials is relatively slight.
However, if this data is replotted in four-dimen-
sional space with A, and X, at 75 days as dimensions
one and two and A, and . at 100 days as dimensions
three and four, the small separations at the two times
can often be made to augment one another.

A third use of temporal information is simply
that of change detection. In many Earth resources
problems it is necessary to have an accurate his-
torical record of the changes taking place in a scene
as a function of time.

Let us move now to consider how a procedure
can be devised for analyzing multispectral data. In
the process, one further facet of the multispectral
approach must be taken into account. The radiation
from all soybean fields will not have precisely the
same spectral response, since all will not have had
the same planting date, soil preparation, moisture
conditions, and so on. Indeed, response variation

Response,
A2
30 days
75 days g 140days
~ \. Soybeans
Corn
100days
=

Response, xl

Ficure 8. Temporal change in two-dimensional feature
space.

within a class may be expected of any Earth-surface
cover. The extent of response differences of this
type certainly has an effect upon the existence of a
spectral signature, i.e., the degree of separability of
one material from another. Consider, for example,
a scene composed of soybean, corn, and wheat
fields. If five samples of each material are drawn,
the two-dimensional response patterns might be as
shown in figure 9, indicating some variability
exists within the three classes. Suppose now an un-
known point is drawn from the scene and plotted,
as indicated by the point marked U.

The design of an analysis system in this case
comes down to partitioning this two-dimensional
feature space so that each such possible unknown
point is uniquely associated with one of the classes.
The engineering and statistical literature of the
world abounds with algorithms or procedures by
which this can be done. One very simple one is
shown in figure 10. In this case the conditional
centroid or center point of each class is first deter-
mined. Next the locus of points equidistant from
these three centroids is plotted, resulting in three
straight line segments as shown.* These lines form,

Response,
)
Soybeans
A : A
A
A
+
.U Wheat
o 4+ &
(o] 0 +
o +
o
Corn
Response, X\,

Ficure 9. Samples in two-dimensional feature space.

* When more than two dimensions (spectral bands) are
being used, this locus becomes a ‘surface rather than a line.
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Ficure 10. Minimum distance to means classification.

in effect, decision boundaries. In this example the
unknown point U would be associated with the class
soybeans as a result of the location of it with respect
to the decison boundaries.

This technique of analysis is referred to as
pattern recognition, and there are many more
sophisticated procedures resulting in both linear
and nonlinear decision boundaries. The procedure
of using a few initial samples to determine the de-
cision boundaries is common to a large number of
them. The initial samples are referred to as training
samples, and the general class of classifiers in which
training samples are used in this way are referred
to as supervised classifiers.

Up to this point the implication has been that
photography or multispectral photography is the
sensor to be used in generating data for this type
of analysis procedure. While indeed this data source
can be used, a perhaps more appropriate one is a
device known as a multispectral scanner. Figure 11
diagrams such a device as it might be used in an
aircraft.

Basically the device consists of a multiband
spectrometer whose instantaneous field of view is

Prism
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e
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Ground Resolution Patch

Ficure 11. Schematic diagram of an airborne multispectral scanner.
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scanned across the scene. The scanning in this case
is accomplished by a motor-driven scanning mirror.
At a given instant the device is gathering energy
from a single resolution element. The energy from
this element passes through appropriate optics and
may, in the case of the visible portion of the
spectrum, be directed through a prism. The prism
spreads out the energy according to the portion of
the spectrum; detectors are located at the output
of the prism. The output of the detectors can then
be recorded on magnetic tape or transmitted directly
to the ground. Gratings are commonly used as dis-
persive devices for the infrared portion of the
spectrum.

A most important property of this type of system
is that all energy from a given scene element in all
parts of a spectrum passes through the same optical
aperture. Thus, by simultaneously sampling the
output of all detectors, one has, in effect, determined
the response as a function of wavelength in each
spectral band for the scene element in view at that
instant.

Of course, the scanning mirror causes the scene
to be scanned across the field of view at right angles
to the direction of platform motion, and the motion
of the platform (aircraft) provides the appropriate
motion in the other dimension so that in time every
element in the scene has been in the instantaneous
field of view of the instrument.

As an example of the use of this type of sensor
and analysis procedure, results of the analysis of a
flightline will be presented in brief form. The par-
ticular example involves the classification of a 1.6-
kilometer strip into classes of agricultural signifi-
cance. Four-dimensional data (four spectral bands)
were used for the classification. The data are shown
in figure 12 along with a conventional panchromatic
airphoto of the scene on which the correct classifica-
tion of each field has been indicated. The symbols
on the airphoto represent the following classes:
S, soybeans; C, corn; O, oats; W, wheat; A, alfalfa;
T, timothy; RC red clover; R, rye; Sudan, sudan
grass; P, pasture; DA, diverted acres; and H, hay.

Figure 13 shows the results of the classification.
Two simple classes are shown. All points of the
scene classified as row crops (either corn or soy-
beans) are indicated in the center of the figure. On
the right are indicated all points classified as cereal
grains (either wheat or oats).

A quantitative evaluation of the accuracy was
conducted by designating for tabulation the correct
class of a large number of fields in the flightline.
The result of this tabulation is presented in figure
14, which shows that all results for all classes are
more than 80-percent correct.

The same procedures using aircraft data have
been utilized for a wide number of classification
tasks in addition to crop species identification.
Some of these are: tests of agricultural and engineer-
ing soil; geologic feature mapping; water quality
mapping and mensuration using both reflective and
emissive spectra; forest cover identification and
tree species delineation; and delineation into geo-
graphic and land use mapping categories.

SOME PROCEDURAL DETAILS IN THE
USE OF PATTERN RECOGNITION

With the basic concept of pattern recognition in
mind, it is possible to proceed to some further de-
tails on how it may be applied. One of the more
important of these details is the definition of the
classes into which the data are to be categorized.

There are two conditions that a class must meet
in order to be useful: The class must be separable
from all others, and it must be of informational
value. For example, it does no good to define a
class called iron ore deposits if the spectral response
which iron ore provides is not sufficiently distinct
from all other Earth-surface materials over which
data are to be gathered. On the other hand, if no
one is interested in locating the iron ore deposits
within the region to be surveyed, there is no reason
to define such a class. We shall see presently that
one may name classes of informational value and
then check their separability, or vice versa.

A second matter is determining the point at
which a class actually becomes defined. In an agri-
cultural survey, simply naming a class “soybeans”
does not define it precisely enough. For example,
what percent ground cover is required before a
given resolution element should have its classifica-
tion changed from bare soil to soybeans? What
percent of a resolution element may be covered with
weeds and so on? The fact is that the class becomes
precisely defined only by the training samples to be
used for it. Thus, an important step in the procedure
is the selection of training samples which are suf-
ficiently typical of the whole class in question.
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AIRPHOTO 0.40-0.44 um

0.52—0.55 um

it

0.66—0.72 um 0.72—0.80 um

Ficure 12. Data collected in four wavelengths, compared to panchromatic photoimage.

One must also recognize that the definition of a
class is always a relative matter. That is, it is
relative to the other classes used in the same classi-
fication. The effect of the decision boundaries is to
divide up the feature space (figure 9) into non-
overlapping regions depending on the relative loca-
tion of the class training sets relative to one another.

It should also be noted, however, that as a result,
every point in the space automatically becomes
associated with one of the named classes. It is there-
fore necessary that the list of classes be exhaustive
so that there is a logical class to which every point
in the scene to be analyzed may be assigned.

As a result of these factors, it is apparent that
the selection of training samples is especially im-
portant. There are two approaches to obtaining
training data; we shall refer to them here as the
signature bank approach and the extrapolation
mode. '

Using the signature bank approach, the researcher
first decides on a list of appropriate classes and
then draws from a signature bank previously col-
lected data on the classes of material identical to
those selected. This approach has a considerable
amount of aesthetic appeal. Presumably one could
accumulate a very large bank of data from typical
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AIRPHOTO

Ficure 13. Spectral pattern recognition of row crops and
cereal grains.

classes and thereafter always have training data
available for any situation without further effort.

However, such an approach would place stringent
constraints on the sensor system, since absolute
measurements of scene radiance would be necessary
if they are to be referenced to a future data-gather-
ing mission. Furthermore, the extent to which de-
tailed and sophisticated classes could be utilized
would be limited by the ability to determine and
adjust for the instantaneous values of all the other
experimental parameters, such as the condition of
the atmosphere, the Sun and view angles, possible
seasonal variations in the vegetation, the natural
statistical distribution of the data for various classes,
etc. In short, while such a procedure is possible, it
results in more stringent requirements on the sensor
system and requires considerable data preprocessing

PERCENT CORRECT CLASSIFICATION
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Ficure 14. Classification results for test samples.

in order to achieve this maximum utility. Alterna-
tively, it would have to be restricted to cases in
which only relatively simple classes were necessary.

The extrapolation mode has somewhat different
characteristics. In this method training data for
each of the classes are obtained by locating within
the data to be analyzed specific examples of each
of the classes to be utilized. The classification pro-
cedure, therefore, amounts to an extrapolation from
points of known classification within the scene to
the remaining portions of the data. This approach
has the advantage of requiring less exactness in the
calibration capability of the sensor system and in
the knowledge of the other experimental variables,
since only variation of these factors within the data-
gathering mission, and not those from mission to
mission, must be accounted for. On the other hand,
it has the disadvantage of requiring some knowledge
about the scene to be analyzed before the analysis
can proceed. In the case of populated or accessible
areas, this knowledge usually comes from ground
observations. In the case of inaccessible areas as
well as accessible and/or populated ones, it could
perhaps also come from a very limited, low-altitude
aircraft mission. The relative cost of this additional
information often turns out to be low. The ex-
trapolation mode was used in both the preceding
example and the one to follow.

To illustrate these details and procedures, an ex-
ample follows in which a pattern-recognition scheme
was trained and then used to classify a relatively
large amount of data. Data for this experiment were
collected aboard the Apollo 9 space vehicle as a
part of an experiment known as SO65. This example
was selected because, in addition to illustrating the
steps described above, it provides the first indica-
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tion of how these techniques may perform on space
data. Both the ground resolution and the spectral
resolution of these data are similar to those which
will be obtained by the ERTS. However, since the
S065 experiment involved photographic sensors, the
results obtained may be on the conservative side of
those from ERTS because, as previously indicated,
photography does not ordinarily provide the optimal
type of data for this analysis procedure. Further-
more, since the sensors were photographic, some
preliminary processing steps to prepare the data for
analysis were necessary. These steps involved first
scanning the photography (on a rotating-drum
microdensitracer) to convert it to digital form,
then bringing the images gathered over the same
scene in the different spectral bands into spatial
alinement with one another. These steps are not
typical and are beyond the scope of the discussion
at hand. We will proceed from the point at which
the preprocessing steps provided four-dimensional
data for analysis. The four spectral bands involved
were 047 to 0.61 um, 0.59 to 0.715 pm, 0.68 to
0.89 pm, and 0.51 to 0.89 um. These bands were
determined by the film and filter combinations used
on the four cameras.

Figure 15 shows a color infrared version of the
particular frame used, a portion of Southern Cali-
fornia, Arizona, and Northern Mexico. In the lower
left of the frame is the Imperial Valley, an irrigated
area of very great importance agriculturally. Also
shown in the figure is a computer-generated gray
scale printout of one band of the data. The scene
covers about 26 000 square kilometers and con-
tains about five million points.

In order to test the separability of various classes,
two analysis tasks were carried out. The first, in-
volving agricultural classes, was carried out in the
area designated by the small rectangle in the lower
left of the printout. Figure 16 shows a high-resolu-
tion printout of this same area. The individual
fields of the scene are clearly evident in this printout.
To begin with, some relatively simple classes were
defined. These were green vegetation, bare soil,
water, and salt flats. Figure 17 shows the result of
classifying the data into these categories. The
accuracy of this classification was judged to be very
high, and as a result it was decided to attempt a
classification with more detailed categories. The
result of this classification is shown in figure 18.

Ficure 15. Color infrared photo from Apollo 9 and gray-
scale panchromatic computer printout of Imperial Valley
area in California. Visible green is represented by blue
dye, visible red appears green, and infrared appears red.

It is seen that the classes used were barley, alfalfa,
sugar beets, bare soil, salt flat, and water. A quanti-
tative assessment of the accuracy in this case in-
dicated an average accuracy of approximately 70
percent.

The second analysis task carried out on this data
set was done over the whole frame. Classes of geo-
logic interest were defined in this case, and an at-
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Ficure 16. High-resolution printout of a section of digitized
image shown in figure 15.

Ficure 17. Classification of Apollo 9 data into green vegeta-
tion, salt flats, water, and bare soil classes. (Bare soil is
represented by all colors other than those identified.)

tempt was made to achieve what amounts to a
geologic map of the area. The result of this classifi-
cation is shown in figure 19. Some but not all of the
classes used are indicated at the bottom of this
figure. The results of this classification were com-
pared with existing geologic maps of the area by a

BN BARLEY
A ALFALFA
BN WATER

Imm SUGAR BEETS
maxs BARE SOIL
[1 SALT FLAT

Ficure 18. Results of classification of alfalfa, barley, sugar
beets, bare soil, salt flats, and water.

professional geologist, and again the results were
judged to be highly satisfactory.

With an overview of the experiment and the re-
sults achieved in mind, let us now examine the
procedures used to obtain the results. In the case of
an agricultural problem, the classes of interest
usually exist in well defined fields. It is therefore
relatively easy to locate sample fields of each class
from which to draw training samples. In this case,
ground observations from a relatively small region
on the ground can be used to derive a sufficient
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Ficure 19. Apollo 9 computer map of Imperial Valley
region.

number of training samples for each class. The
number of training samples necessary for each class
depends upon the number of spectral bands to be
used among other things. But generally no more
than a few hundred are required, fewer in simpler
situations. Figure 20 depicts a typical situation for
this type of classification. The fields outlined here
are a typical set of training fields for such a classi-
fication task.

The classification of a natural area presents a
slightly different situation, however. In this case
it may be more difficult to locate training samples
manually because boundaries between different ma-
terials will be more difficult to locate. Over the
last year or two, research has been directed toward
devising some machine-aided procedures for de-
riving training samples in this circumstance. One
such procedure involves the use of a type of classifier
that does not employ training samples and is there-

Ficure 20. High-resolution printout with training fields.

fore referred to as an nonsupervised classifier. The
basic idea behind nonsupervised classifiers becomes
apparent by considering the next several figures.

Assume that you have some two-dimensional data
as shown in figure 21. Assume also that you know
there are three classes of material represented by
these data, but the correct association of the in-
dividual points with the three classes is unknown.
The approach is to assume initially that the three
classes are separable and check this hypothesis
subsequently.

There are algorithms available that will auto-
matically associate a group of such points with an
arbitrary number of mode centers or cluster points.
These procedures, known as clustering techniques,
can be used to so divide the data, and the result of
applying such a procedure might be as shown in
figure 22. There remains, then, the matter of check-
ing to be sure that the points assigned to a single
cluster all belonged to the same class of material.
In passing it is worth noting a comparison between
supervised and nonsupervised classifiers. In the
supervised case, one generally names classes of in-
formational value and then checks to see if the
classes are separable. The reverse is the case in the
nonsupervised scheme. One separates the data and
then checks to see if the resulting clusters are indeed
associated with the classes of informational value.

Figure 23 shows the result of applying such a
clustering technique to some multispectral data. The
algorithm was instructed to form five cluster points.
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Ficure 21. Samples of three classes in two-dimensional
feature space.
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Ficure 22. Clustering of samples in two-dimensional fea-

ture space.

Comparison of the clustering results with the data
in image form shows that the clusters indeed were
associated with individual fields. Cluster four, for
example, was associated with fields in the upper
left and and lower right, clusters two and three with
the field in the lower left, and so on. Such a tech-
nique is used to speed the training phase of the
classifier by aiding the human operator in obtaining
points grouped according to class; the statistics of
each cluster point can be immediately computed
from the clustered results so that decision bound-
aries are located. The operator is thus relieved of
the necessity of locating and separating individual
fields for training each class.

The value of such a procedure is even greater in
cases where the boundary between classes is not so
distinct in the data. Figure 24 shows the result of
clustering data for a soils mapping classification.
Here it would be more difficult to select samples
associated with specific soil types. As a result of the
clustering, the operator has only to associate the
soil type with each cluster point, and training
samples are immediately available for further

‘processing.

It was this latter procedure that was used in
deriving training for the geologic map in the Apollo
9 data. Figure 25 shows the outline of cluster plots
from which training was derived. In this case it was
necessary only to mark regions containing at least
the samples of the classes desired, thus greatly
simplifying and speeding the training of the classi-
fier. The specific steps to be followed then are:

1. Decide on the list of classes and determine
the general locality of examples of these
classes, based on limited ground observation.
This information may be from a low-altitude
aircraft pass, information available from a
perhaps out-of-date or inaccurate map, or a
limited ground survey.

2. Designate these regions to the clustering
algorithm and, after clustering, identify the
specific clusters associated with the classes of
interest.

3. From this point the statistics of each class
can be computed from appropriate clusters
and the classification can proceed.

In conclusion, it must be emphasized that the
techniques are still evolving and are very experi-
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Ficure 23. Clustered data using four spectral bands.

Ficure 25. Cluster fields for machine-aided training.

of these are the extent over which a given classifier
can generalize or extrapolate from its training areas
and the extent to which machine-aided tra
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Ficure 24. Clustered data from poorly defined classes.
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How Will the New Technology Enhance Capabilities to
Collect and Analyze Earth Resource Data?

RicHARD R. LEGAULT

Associate Director, Willow Run Laboratories
University of Michigan

Advances in sensor technology now allow us to
sense radiation from the ultraviolet to the micro-
wave regions of the spectrum. A number of con-
sequences result from these expanded capabilities.

First, it is now possible to collect information
under a variety of weather conditions; poor visi-
bility is not necessarily a major barrier.

Second, the spatial recognition of objects, which
depends on recognizing the object’s shape and sur-
rounding context, is now made easier because of
the possibility of selecting bands in which the
contrast is best represented.

Third, the availability of data in many spectral
regions simultaneously permits the identification of
objects by the spectral distribution of their re-
flected or emitted radiation. In addition, such
spectral identification can be made automatically
by the use of modern computing technology.

The result of these three considerations is that we
are better able to obtain a maximum of information
from the vast quantity of data our modern sensors
are capable of collecting. The ERTS multispectral
scanner and the Houston airborne multispectral
scanner will be premium tools in this expanding
technology.

Remote sensing has already come a long way in
the United States. We have gone beyond the point
of making simple surveys and have gone on to
crop identification, yield prediction, and disease
recognition as means of making more efficient use
of our agricultural resources. However, remote
sensing survey techniques may still have immense
value in developing countries where sophisticated

statistical services have not yet appeared. For ex-
ample, the areas of cultivated lands are well known
in the United States, but such information from
aerial surveys may be of significant value to plan-
ners in developing countries. In these countries
there may well be great value in modern sensor and
recognition technology in areas no longer applicable
in the U.S. It is therefore useful to go back and
examine some of the past studies that have been
made and consider their applicability elsewhere in
the world. The data selected for this paper were
collected in the period from 1960 to 1965. The sys-
tem used for data collection was the Michigan
DC-3 aircraft, camera systems (quite old), and the
multispectral scanner.

SINGLE-BAND CONTRAST ENHANCEMENT

It is generally known that the contrast between the
object that we seek to find and its background can
be enhanced by appropriate selection of the spectral
band using laboratory measurements of reflectivity
and emissivity for both target objects and back-
ground objects. In the examples that follow, I pre-
sent only a few of these cases. Others have been
produced by simple filtering of photography or by
the multispectral scanner that we use at the Uni-
versity of Michigan. More advanced infrared scan-
ners and various radars will be covered briefly
later in this paper.

In the first example (figure 1) we see a picture
of a rural area. The scene contains roads, some
fields, and a few buildings. We note that in the 0.32-
t0-0.38-um band most of the contrast in the scene
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0.32—0.38 ym

2.0-2.6 ym

4.5-5.5 pym

8.2—-14.0 ym

Ficure 1. Effects of multispectral imagery on contrast.

has been eliminated except for the roads and the
one fairly bright tin-roofed building in the scene.
As we look at the other bands in the imagery, we
see much more general contrast, highlighting various
terrain areas, but the building no longer stands out
quite as clearly as it does in the top photograph.
Figure 1 illustrates two points: (1) that some objects
appear in one spectral band but not in others and
(2) that appropriate selection of spectral bands
eliminates unwanted contrast. The illustration used
here demonstrates a possible application for census
of housing in developing countries, where tin roofs
are sometimes used. In figure 2 we see a second
distinction between the 0.32-t0-0.38- and 4.5-to-
5.5-ym bands. In this case we are seeking contrasts
between two different soil types. We see in the two
images that both spectral bands show a contrast
between the clay loam and the silt loam. While we
might at first select the 0.32-t0-0.38-um band, it
is fairly evident from the image that a considerably
more regular contrast can be obtained in the 4.5-
to-5.5-um band, with the added advantage that the
contrast is available in the nighttime hours.

Figure 3 shows images of a potato field, collected
in two wavelength bands. The bright area in the
lower image is a pigweed infestation in a potato

— CHALMERS SILTY CLAY LOAM
TORONTO SILT LOAM

Ficure 2. Comparative contrast of soil types in different
spectral bands.

field. The differences in reflectivity between the
pigweed and potato illustrate the different per-
centages of ground cover occupied by weeds and
potatoes in the two crop areas. The contrast in the
2.0-t0-2.6-ym band therefore emphasizes such con-
ditions as weed infestation in fields.

Because no single band is useful for all identifica-
tion purposes, the ability to select one band for a
particular identification and another band for others
provides the power to solve several problems simul-
taneously. The selection of spectral bands depends
on the object we seek to distinguish from the back-
grounds. Collecting data in more than one band is
important if we would have optimal contrast for all
types of problems. Let us turn our attention to yet
a different problem.

A major resource of any country, developed or
developing, is water. One type of water resource
is the ground moisture. Figure 4 shows a moist
area. The lower portion of the figure is an infrared
image taken from an altitude of 900 m. The upper
image is a panchromatic photograph, taken at
ground level, of the same area, with the wet spot
fairly well delineated. The very clear contrast in
the 0.85-t0-0.89-um band is to be expected because
the reflectivity of moist soils is in general much less
than that of dry soil, regardless of the type of soil.
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2.0-2.6 um

PIGWEED

POTATOES

Ficure 3. Comparative contrast of vegetation types in
different spectral bands.

Thus, in looking at an infrared aerial photograph
collected in the 0.85-t0-0.89-um band, we expect
to find moist areas which are darker than those
that are drier. Therefore, if we are looking for
water or moist soil photographically, we should
consider the 0.7-to-1.0-um band as being most
appropriate. If we use not only photographic equip-
ment but also IR scanner equipment, we find even
more appropriate bands for detection of water.
Figure 5 shows a time sequence of three images
of a bog area collected in the 4.5-t0-5.5-um region.
In this imagery we are looking at emitted radiation
from the terrain, rather than reflected energy. All
reflected radiation has been filtered out to insure
that we see only the emitted signal. The bright area
in the predawn image is the water; the surrounding

PANCHROMATIC FILM

0.85—0.89 pym

Ficure 4. Contrast of soil moisture differences in aerial
IR photo compared to ground panchromatic photo.

terrain cools considerably more during the night-
time than does the water, since the thermal capacity
of the water is greater than that of the terrain. After
dawn the contrast begins to fade, until by midmorn-
ing the water appears cooler than the surrounding
terrain. Thus, although contrast varies at different
times of day, water is clearly detectable both day
and night, provided the atmosphere allows us to
see through it.

We should note that atmospheric transmission is
considerably superior in the longer wavelength band,
and in general we can see through more haze in the
infrared region than we can in the visible.

Because emitted radiation is closely connected to
the temperature of the terrain, we may also expect
to see a seasonal variation in the contrast. Figure 6
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PREDAWN

POSTDAWN

Ficure 5. Night-to-day transition in contrast of bog area
recorded in 4.5-t0-5.5-um band.

shows a seasonal comparison of the same bog area
(in Michigan). In June the water after midnight is
warmer than the land, as would be expected. In Sep-
tember the water is still warmer than the surround-
ing terrain, although some of the surrounding
terrain is of comparable temperature. By midwinter
the water has of course frozen and is considerably
colder than the surrounding terrain. The interpreta-
tion of infrared emission imagery must therefore
take into account the season as well as the time of
day. This imagery shows clearly that the detection
of both standing water and surface soil moisture is
greatly facilitated by use of the infrared bands.
Remote detection of reflected electromagnetic
radiation is useful not only in determining the sur-
face condition of the terrain, but can also be used
to infer conditions below the surface, such as sub-
surface water. Figure 7 shows an area of sink holes
in Florida. The sink holes are produced when lime-
stone substrata are dissolved by water, forming a
cavern which eventually erodes to the point where
the surface collapses. When the surface collapses,
the sink hole is easily detectable, but by then it is
too late to do anything about it. The detection job,
in general, is to determine potential sink hole areas
prior to collapse. The sink hole area of concern is

26 JUN 63

19 SEP 63

FIGURE 6. Seasonal variation in contrast (bog area photo-
graphed in 4.5-t0-5.5-um band between midnight and
dawn on dates shown).

in the dotted outline in figure 7. Notice also the
area at the left center of the image where the roads
intersect. The circular areas inside the dotted patch
are collapsed sink holes. If we were to take a thermal
infrared or emitted image of this area, we would
see that the eroded cavern underneath the surface
exhibits a thermal capacity greatly differing from
that of the surrounding solid terrain.

Figure 8 shows the thermal contrast in the area of
sink holes surrounded by the dotted line in figure 7.
Note the cold region (figure 8) where the sink hole
appears in the infrared photography (figure 7). Note
also the additional dark areas at the left-hand side
of the image. These areas do not show collapsed sink
holes, but sink holes where no surface manifesta-
tion has yet occurred. The presence of sink holes
was verified by ground observation after this
imagery had been collected.

Figure 9 shows multispectral imagery of sea
ice in the Smith Bay area. The visible and reflected
IR regions show considerable contrast, cracks in
glare ice, and other phenomena. The reflective
bright patches in the upper two reflected images,
corresponding to dark areas in the emission im-
agery, are solid ice packs which are considerably
colder than the surrounding area and more re-
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Ficure 8. Color-coded thermal contour map of sink area. Black=27.8 °C; yellow=28.7 °C;
red=29.4 °C; blue=30.3 °C.

flective. The use of two or more images to determine
the content of the scene is, of course, the beginning
of a multispectral analysis.

We now move from passive detection systems to
an active system using radar. Figure 10 shows two
radar images of an agricultural area around Garden
City, Kansas. The upper image is polarized hori-
zontal-horizontal, and the lower image horizontal-
vertical. The wavelength is K band. The area marked
A, a small circular light outline, is a swamp area.
Its counterpart in terms of water content is the area
marked B, an irrigated area with an overhead

spray. The area marked C in the upper image con-
tains sugar beets, whose rather broad leaves are
efficient reflectors because of differences in orienta-
tion. Today we have very little information about
the interpretation of radar imagery because of
problems in separation of geometrical from optical
properties. As work progresses, however, we cer-
tainly may expect increased sophistication in the
interpretation of radar imagery.

So far we have covered fairly simple systems for
collecting imagery in single spectral bands. From
them we may draw some fairly elementary con-
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8—13.5 um

Ficure 9. Images of sea ice in Smith Bay taken in four
spectral bands from 600-m altitude.

clusions. First, there are good reasons to carry a
multiplicity of sensors aboard any platform. We see
that, for various applications, different spectral
bands give us optimal contrasts, and so we should
consider not only photographic instrumentation
but infrared and radar as well. These may be
separate instruments in different wells in the air-
craft. In fact, we at Michigan have for many years
carried separate instruments operating in a multi-
plicity of bands.

MULTISPECTRAL PROCESSING

The basis for multispectral processing is the
distribution of the received radiance from terrain
objects. Recognition is based upon this spectral dis-
tribution of radiance for each resolution element of
the scene. As a consequence, we must have a single-
aperture instrument so that for every resolution
element on the ground we are able to measure this
spectral distribution of radiance. A number of such
instruments are available today.

The basic instrument is an electrooptical scanner
that is commonly used for infrared imagery. In
place of a single detector, it has an entrance slit

for a spectrometer whose dispersing element is
either a prism or a grating. The dispersed spectrum
is detected by a number of individual point de-
tectors placed in the dispersed spectrum. The detec-
tor outputs are recorded in either analog or digital
form on magnetic tape.

The first of these instruments was built at the
University of Michigan and operates in the 04.-to-
1-um band. Subsequently, NASA has sponsored the
development of a 24-band instrument operating in
the 0.4-to-14-ym region. The ERTS-A instrument
is the first of the spaceborne multispectral instru-
ments, with four bands in the 0.4-to-1-pm region.
The EREP package of the Apollo Skylab project is
a 10-band instrument operating in the 0.4-to-14-
pm region. While these instruments sound fairly
complex, they are in fact fairly simple. Although
the main intent is to produce data for multispectral
processing, the imagery can be used as if it were
produced by single-band instruments, and the in-
terpretation would proceed as discussed above.

Before we begin a general description of multi-
spectral processing, let us consider a few fairly
simple examples. It is well known that the penetra-
tion of water by light depends on the wavelength of
the light. Figure 11 shows images selected from
various spectral bands of some water scenes from
the Caeser Creek area off the coast of Florida. Note
that the peak penetration is in the green portion of
the spectrum. In the 0.8-to-1-um band, only the
land outlines are visible. The differential penetra-
tion of light in the various spectral bands can be
used to estimate the water depth. It turns out that
the formula for estimating this depth depends upon
the ratios of the scattering coefficients of the water
and the bottom reflectance in two bands. These ratios
are fairly constant for most bottom types and most
water types. With a priori estimates of the ratio of
scattering coefficients and the ratio of bottom re-
flectances in the two bands, we may then estimate
the water depth.

A computer map of the calculated water depth for
the Caeser Creek area is shown in figure 12. It shows
good comparison with the actual chart recordings
shown in figure 11, except in the channel area.
Here, the water depths are underestimated because
of heavy silt concentrations. The depths estimated
are really effective depths, including the amount
of silt suspended in the water. This use of multi-
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Ficure 10. K-band radar images of farmland near Garden City, Kansas. Upper image is polarized
horizontal-horizontal; lower image, horizontal-vertical. A, swamp; B, area irrigated by sprinklers;

C, sugar beets.

spectral data involves specialized calculations to
provide the depth.

Another example is indicated by figure 13. Silicate
rocks are classified acidic or basic, roughly on the
basis of their silicon dioxide content. The silicates
exhibit reststrahlen absorption bands in the 8-to-
14-pm region. The position of the minimum of this
reststrahlen emissivity depends upon the acidity or
the percentage of silicon dioxide in the rock, as
shown in figure 13. Generally speaking, rocks with
less silicon dioxide content have reststrahlen minima
at longer wavelengths. In figure 14, imagery from
fairly simple laminar detectors in the 8.2-to-10.9-
and 9.4-to-12.1-um bands shows how this effect is
exploited. The three images shown are of a sand
quarry near Mill Creek, Oklahoma. The laminar
detectors are in fact two detectors, one placed on
top of the other so as to measure two bands simul-

taneously. By taking the ratio of the two bands, we
are able to identify the quarry area shown in the
right-hand image of figure 14. Note also the outline
of the body of water, which is rimmed by quartz
sandstone outcroppings.

These examples are fairly special cases of multi-
spectral processing. Let us turn our attention now
to some more general instrumentation and some
more general examples, keeping in mind that this
general instrumentation is capable of doing the tasks
that we have already described.

Figure 15 shows a panchromatic mosaic of a
California farming area including fields of rice and
saflower and some bare fields and roads. Figure
16 shows images of the same area collected in
separate spectral bands with a multispectral scanner
whose dispersion is achieved by a prism, with a
common spatial aperture for all spectral bands. The
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Ficure 11. Multispectral mapping of Caesar Creek and Pacific reef.

signals from the 18 channels are then analyzed
using standard statistical discrimination techniques
to identify the objects in the scene, in this case the
various fields. The parameters of statistical pro-
cedures are obtained by taking training samples of
the various object types, such as immature rice,
mature green rice, bare earth, roads, and safflower.

In figure 17, important areas of crop have been
appropriately identified in a digital recognition
map. The importance of the multispectral scanner
lies in the fact that it can be used for automatic
discrimination, as in this example.

Modern sensor instruments are capable of pro-
ducing information much faster than a human
interpreter or group of human interpreters can
handle it. Multispectral methods provide a fairly

simple and straightforward way to aid the inter-
preter in obtaining from data collected by sensors
the information he seeks.

The human interpreter still must specify the
training sets for our statistical procedure. But the
automatic interpretation device extends possible
identification into areas beyond those which the
interpreter can identify. It is also able to perform
a number of other routine tasks for the interpreter,
such as the measurement of area, the measurement
of perimeters of areas, and other numerical opera-
tions.

In the previous discussions we have shown how
simple it is to identify the presence of water. In this
next example, we are concerned with finding ponds
of water for the purpose of estimating duck popula-
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Ficure 12. Computer map of calculated water depth for Caesar Creek.

tion. Estimates of duck population depend not only
on the water area, but also on the shape of the
pond. An irregularly shaped pond is capable of
supporting a larger duck population than a more
nearly circular pond of the same area. The water
is identified automatically and recorded on digital
maps such as that shown in figure 18. The computer
is programed to calculate the area and perimeter of
each pond, as well as a shape factor which is related
to the estimate of duck population.

We saw before that one of the purposes of
multispectral processing is to extend the ability of
the interpreter to identify certain areas both spa-
tially and temporally. There are a number of atmos-
pheric effects which interfere with this extension
of the learning set. Objects in the scene have dif-
ferent optical characteristics depending upon the
illumination and viewing angles used. Certainly
shadowed and sunlit areas look considerably dif-
ferent. As a consequence, we find variations in the
spectral signatures of objects that are not related
to the terrain itself but rather to variations in the
atmosphere, transmission, illumination, and back-
scatter. These atmospheric variations are, of course,
noise to the system. There are, in fact, three rather
general methods used to eliminate these variations.

The first is to pick some transformations on the
data, the result of which is to leave the multispectral
data relatively invariant under variations in the
atmosphere. The second is to use ancillary instru-
mentation to measure the atmosphere in terms of
such quantities as illumination at the sensor plat-
form. Laser probes can be used to measure back-
scatter. The third method is to select references
against which to measure atmospheric effects.

Figure 19 illustrates these effects. The two axes
represented are signals from spectral channels i
and j. Variations in angular effects have been shown
to be approximately linear, as are those for illu-
mination effects. As a consequence, we might expect
that the ratio of adjacent spectral channels (S;/S; 1)
will be invariant with respect to variations of the
atmosphere.

Figure 20 shows recognition maps for soybeans
in an area containing both corn and soybeans when
there are cloud shadows over the area. In the upper
map a considerable portion of the field has been
missed. The ratio preprocessing technique of S;/S;,
used for the lower map shows recognition of the
entire field area.

These preprocessing techniques are in very early
stages of development. So far they have enabled us
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Ficure 13. Emissivity spectra of silicate rocks.

to extend signatures in some cases for as much as
a year in time and over 160 kilometers. But there
are still many cases where such extension is not
possible. It is not possible to say at this time how

far we will be able to extend signatures, but it is
our expectation that they will be extendable over
long periods of time, certainly over many seasons
or years and over many thousands of kilometers.

The implementation of these automatic recogni-
tion techniques is, of course, somewhat more
sophisticated than the human interpretation that we
discussed in the previous section. It requires fairly
standard general-purpose digital computing equip-
ment that is easily implemented. That such recogni-
tion techniques are worthwhile seems obvious.
Whether or not they are practical for developing
countries, in terms of scale of operation, we are not
in a position to say, although it appears very much
as if they would be.

INSTRUMENTATION

The foregoing examples have indicated the wide
scope and numerous applications of narrow-band
and multispectral remote sensing. As the science
has developed and the applications expanded, so
too has the instrumentation advanced to surprising
degrees of sophistication. It runs the gamut from
satelliteborne multispectral scanners to automatic-
discrimination computers. Currently, much of the
elementary remote sensing equipment is becoming
available at reasonable cost to new entries in the
field. The basic requirements for a remote sensing
system are described briefly below.

Certainly the basic necessity for any remote
sensing program is the airplane—the airborne plat-
form for the sensors. The type of airplane used is
highly dependent on what is available to the ex-
perimenter, with certain minimum requirements.
As a beginning, much can be-done with a single-
engine propeller aircraft. Desirable features are:
reasonable maintenance costs, nominal four-place
capacity to provide adequate space for instruments
and crew; high-wing construction to enhance visi-
bility and facilitate instrument installation; low
speed and high stability; and range compatible with
the type of mission and the airport facilities avail-
able in a rural area.

In the early days of remote sensing at the Uni-
versity of Michigan, the DeHavilland Beaver (L-20)
shown in figure 21 served this purpose well. Two
of these reconnaissance-type aircraft were obtained
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Ficure 14. Discrimination of acidic silicates near Mill Creek, Oklahoma.
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Ficure 15. Panchromatic mosaic of California farming area.

on loan from the United States Army. When a
mission required more equipment than could be
carried by one airplane, two were used as illustrated
in figure 22. Of course the registration of the data
obtained is something less than perfect, but the
basic data needed for exploratory studies has been
obtained in this way.

As indicated in figure 22, each airplane carried
a K-17 and a P-2 camera and an S-5 infrared
scanner and film printer. Figure 23 shows the scan-
ner installation and the operator’s position inside
the aircraft, while figure 24 shows the mounting of
one of the cameras (K-17) outside the aircraft. A
somewhat more sophisticated aircraft (Fairchild
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Ficure 16. Multispectral imagery of area shown in figure 15 (Davis, California) taken at the
same time from the same altitude (600 m).

Ficure 17. Digital recognition map of area shown in figures 15 and 16.

Hiller Heli-Porter turboprop), with the sensor
installation currently used by a commercial remote
sensing agency, is illustrated in figure 25.

The camera it still a basic tool in airborne remote
sensing. A wide variety of film and filter combina-
tions (both black-and-white and color) are available
in the visible and near IR regions (0.5 to 0.88 um)
which lend themselves to multispectral studies.

Many fine aerial cameras in a variety of formats
ranging from 70 mm to 23 cm are available from
companies in the United States dealing in govern-
ment surplus equipment. Typical unit costs range
from $100 to $300, depending on the lenses and
condition. Intervalometers, gimbaled mounts, re-
mote controls, filters, and a wide range of film
types all are available at reasonable cost to increase
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Ficure 18. Digital computer gray map of ponds in Woodworth study area, North Dakota, from
imagery taken in 1.5-to<1.8-um band at 600 m.
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Ficure 19. Effects of multiplicative factors on signal scatter
diagram.

Ficure 20. Soybean recognition maps using (top) a target signature derived from a shadowed
area and (bottom) a bimodal target signature map.
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Ficure 21. DeHavilland Beaver (L-20) aircraft used for remote semsing at the University of
Michigan.

"K-17 CAMERA
P-2 CAMERA

Ficure 22. Schematic of airborne operations.

the utility of the camera as a remote sensing tool.
Sources of surplus (new and used) aerial camera
equipment are readily obtained from the advertise-
ments in the numerous optical journals published
in the U.S.

Similarly, anyone financially able to take ad-
vantage of the latest advances in aerial camera tech-
nology will find many fine products advertised.
Initial costs might be roughly triple those of similar
used (surplus) equipment.

Very often, original effort can produce results

Ficure 23. Scanner installation in L-20 aircraft.

not otherwise obtainable. For example, one of the
original multispectral research tools used at the
University of Michigan was the homemade nine-lens
camera illustrated in figure 26. The basic unit is a
K-17 case with a 23-cm format. The filter plate
assembly, also shown in figure 26, permits taking
nine simultaneous pictures in different spectral
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Ficure 25. Instrumented Heli-Porter aircraft for remote
sensing.

Ficure 26. Nine-lens camera and filter plate devised at the University of Michigan.
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bands, all in satisfactory registration. An example
of the output is shown in figure 27.

%

0.47—0.55 um

Ficure 27. Image format of nine-lens camera, showing
typical multispectral imagery.

A somewhat more sophisticated (and more ex-
pensive) multispectral camera array currently in
use by a commercial aerial surveyer consists of
four Hasselblad 70-mm cameras with the same film-
filter combinations that have been used in NASA’s
remote sensing aircraft and the Apollo 9 S065
experiment. The cameras produce high-quality im-
ages on a 70-mm square film format that can be
readily examined for tonal differences resulting
from subtle reflectivity changes on the Earth’s sur-
face. The four cameras are alined with optical axes
parallel, and all shutters are actuated simultaneously.
Film-filter combinations are as follows:

Film Filter Spectral band
1 3400 (Panatomic-X) 25A 0.60to 0.70 um

Camera

2 3400 (Panatomic-X) 58  0.50 to 0.58 um
3 5424 (B&W IR) 89B 0.49t0 0.88 um
4 8443 (Color IR) 15 0.52t00.88 um

To perform studies in the thermal infrared re-
gions an optical scanner is an absolute necessity,
since photographic films do not extend beyond 1

pm. But here modern technology has done even more
to help the beginner get started at a reasonable cost.
Relatively inexpensive infrared scanners are now
available commercially in the United States. Notable
examples include the following:

Manufacturer Model
Bendix Corporation TM/LN-3 Thermal
Aerospace Division Mapper

Ann Arbor, Michigan 48107

Daedalus Enterprises, Inc.
Ann Arbor, Michigan 48106

H.R.B. Singer, Inc.
State College, Pa. 16801

Texas Instruments, Inc.
Equipment Group
Dallas, Texas 75222

Airborne Line Scanner
Reconofax IV and VI

RS-130 Infrared Line
Scanner

In each case the scanner is a somewhat modular
device, in that various detectors and auxiliary
equipments can be incorporated to fit the needs and
budget of the user. The prices of the equipment
listed above range from roughly $25 000 for a bare
scanner to perhaps $75 000 for a complete airborne
set of instrumentation. Figures 28 through 31 illus-
trate additional details of this equipment.

CONCLUSIONS

Modern sensor technology has developed the
capability to construct images in almost all portions
of the electromagnetic spectrum. The necessity for
such multispectral imagery seems evident if we con-
sider the problem of contrast alone, which in some
cases involves simply making the target visible
against the background. Furthermore, the capability
to produce multispectral imagery provides for
automatic processing. If we consider the large areas
surveyed in many of the developing countries, this
automatic processing is certainly important in view
of what must be a limited supply of trained photo-
graphic imagery interpretive personnel. The de-
velopment of sophisticated or quasi-sophisticated
processing techniques is, in fact, not as forbidding
as it looks. The statistical recognition techniques
are elementary and are well known by most under-
graduate scientific students today. The rather so-
phisticated remote sensing that we have been talking
about is really nothing more than an extension of
the aerial survey techniques which have such a long
history in the field of development and resource
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Ficure 28. Daedalus line scanner and accessories.

Ficure 29. Bendix TM/LN-3 thermal mapper.
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identification. It is an extension in two directions.
First, it enables us to identify more objects, even
with single-band imagery, than we were capable of
with standard aerial survey systems. Second, and
perhaps in the long run much more important, it
gives us the capability to automate some of the more
tedious jobs that we now present to the human
interpreter. As a consequence, much larger areas

of terrain can be covered in a much shorter time
with fewer trained personnel. It is our opinion that
in developing countries the use of automation, al-
though it seems prohibitive initially, may in the
long run be the best approach to the inventory re-
source studies that are so important in making
plans for both administration and project develop-
ment in these countries.
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Introductory Remarks

ErvIN L. PETERSON

Deputy Assistant Administrator for Technical Assistance
Agency for International Development

One purpose of this workshop, as I understand
it, is to examine techniques, processes, and methods
for identifying, locating, and measuring Earth re-
sources in terms of their present usefulness and
future potential. A considerable technology appli-
cable to these purposes has developed in recent
years; aerial photography, radar and magnetometer
surveys, and infrared techniques are some of the
areas explored. These methods have been used for
topographic mapping, forestry surveys, mineral ex-
ploration, water resource evaluations, crop disease
delimitation, and other purposes. They promise to
save time, money, and effort. While these techniques
do not replace detailed ground examination, they
do serve to identify specific areas for such detailed
investigations. We group these newer methods
under the caption “remote sensing.” Worldwide
interest in remote sensing techniques is evidenced
by the presence here of representatives from many
countries.

Clearly, every country desires the development
of its physical resources for their contribution to
its growth and to providing a broader material base
for improving the incomes and living conditions
of its people. But each nation must first know what,
where, and how extensive its resources are. The
constraints of manpower and money command that
efforts be directed toward the development of those
resources most needed, best located, and with the
greatest prospect of quick payoff. Conventional
methods of resource location and delimitation are
time consuming and costly. Remote sensing promises
a rapid, less costly, and comprehensive means of

identifying total resources and making selective
detailed examination as a preliminary to full-scale
development.

We are here today to consider ways and means of
adapting this new methodology to the special needs
and conditions of developing countries. With care-
ful selection and application of presently available
techniques and systems, growth and development
for many, perhaps all, countries may be quickened,
manpower and money for development more effec-
tively used, jobs and employment more rapidly
created, and the lives of people more quickly im-
proved.

There are, as might be expected, some cautions
which should temper our expectations. Remote
sensing is a developing technology. It is sophisti-
cated, requiring a high degree of skill in its opera-
tion; personnel must be competent and well trained
in data accumulation, interpretation, and recording.
Remote sensing does not yet eliminate the need for
detailed ground investigation or ground verification
of data secured by use of remote sensing techniques.
Any system selected must be evaluated in terms of
costs and benefits, operability, and usefulness of
output.

Our session this afternoon was planned to address
the economic aspects of Earth resources data ac-
quisition and interpretation and to consider the role
of small aircraft for survey purposes. Our speakers
have both experience and expertise. We look to
them for help in developing a broad perspective of
the unique capabilities, constraints, and relative
costs of various survey techniques.
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Some Criteria for Making Decisions to Invest in Resource
Surveys, with Special Emphasis on Developing Countries

Kirk P. RoGERs

Director, Office of Regional Development
Organization of American States

The new technology related to Earth resource
surveys, which has been the stimulus for holding
this workshop, clearly cannot be examined without
considering the political, institutional, and economic
frameworks in which it will be applied. My purpose
is to contribute some ideas to the essential but diffi-
cult task of establishing sound criteria for invest-
ments in resource surveys.

I have chosen as the framework for my discussion
the developing countries, not only because they are
the focus of this workshop, but because decisions
about investments in resource surveys are more
critical for them. Developing countries financially
can afford fewer mistakes. Their criteria for de-
cisions must be clearer and sharper. Unwise in-
vestments in resource surveys that would hardly
cause more than a ripple in the economy of the
United States or a Western European country can
have lasting and damaging effects on the economies
of small, impoverished countries.

Having established the necessity of wise decision-
making in dealing with this new technology in
developing countries, I must hasten to add that our
record to date has been very poor. Bad decisions
about investments in resource surveys have been
numerous, and wastes of human and financial re-
sources have been great. If we are honest with
ourselves, I think we must recognize that at this
moment our knowledge of resource survey tech-
nology is far greater than our skill in using it
efficiently in an economic sense.

We do not as yet have sound objective economic
criteria for decisions about investments in resource

surveys. We do not have decision models we can
trust, nor have we perfected our cost-benefit criteria
to apply to many forms of survey investments. Lack-
ing these detailed criteria, however, we do have
some general guidelines which have been derived
from our experience and our mistakes. Having
been a contributor to these mistakes through a
decade of association with an international orga-
nization engaged in assisting developing countries,
I feel qualified to discuss what we do and do not
know about investing in resource surveys.

GENERAL ECONOMIC CONSIDERATIONS

The first and critical issue in making decisions is
where to begin. I believe experience has taught us
that we must begin with the demand for data. The
basic question is not how are we going to get a
particular kind of information, but what and why.
Some of the worst mistakes of the past have been
made because of preoccupation with means for col-
lecting data—with aerial data collection systems,
techniques for mapping, approaches to data analy-
sis, data storage and retrieval, etc.—rather than the
purpose of the data.

In a developing country, the major emphasis in
collecting Earth resources data should be to provide
a basis for development. I want to make it clear
that I am in no way belittling the importance of
basic scientific research, but I think we have to
remind ourselves that developing countries with
limited manpower and funds cannot afford the
luxury of unfocused general-purpose data gathering.

The fact that new data collection technologies

179




180 EARTH RESOURCES SURVEY SYSTEMS

have reduced costs means that we are able to do
things which before were out of reach. As a result,
it is now possible to gather quickly very large quan-
tities of information, much more in fact than can
be used. The possibilities of mismanagement are
therefore greater. Decisions about resource survey
programs should, more than ever, be made on the
basis of actual data requirements for development
objectives, rather than assuming that whatever is
collected will eventually be useful. Decisions should
therefore be based on a country’s national goals and
priorities for development, its projected rates of
growth in different economic sectors, and its re-
gional or spatial strategy for development. In short,
a country should collect data needed to plan its
development specific development
projects.

The goal should be a system whereby data collec-
tion programs are continually adjusted to demands
created by private and public data-using entities.
The extreme to be avoided is investment in resource
development without data, but information col-
lected without a clearly defined purpose is equally
to be avoided.

Another basic reality is that resource data must
be joined with other information to be useful for
investment decisions. The procedure by which this
is traditionally accomplished is the benefit-cost
analysis. Economic potentials of natural resources
are assessed by feeding physical, engineering, eco-
nomic, and other data into a calculation of benefits
and costs where the relationship between inputs and
outputs can be examined. OQur procedures are well
established for benefit-cost analysis of projects in-
volving direct use of physical resources such as
irrigation projects, hydroelectric projects, coloniza-
tion of new lands, etc. We know with some degree
of certainty what type, quantity, and quality of data
are required for these analyses. All development
banks have such criteria and are constantly refining
them.

Where we are weakest is in our criteria for gen-
eral surveys prior to the identification of specific
projects. Resource surveys at the reconnaissance
level entail prospecting with high risks. If a survey

and execute

is too intensive and we collect a lot of data but do
not identify development possibilities, we may waste
money. On the other hand, if our data collection is
too superficial and promising opportunities are

overlooked, we may retard development. It is ex-
actly in this area of reconnaissance survey of
physical resources that some of our new technologies
using Earth resource satellites show greatest prom-
ise. If techniques can be perfected to carry out
comprehensive reconnaissance surveys of physical
resources in large areas at low costs, we will be
solving one of the most critical problems we face
today in countries beginning to develop their natural
resources.

Before passing on to consider some noneconomic
criteria for making decisions to invest in resource
surveys, it is important to emphasize that countries
at different levels of economic development have
different data requirements. The whole discussion
of resource survey criteria should really begin with
a consideration of development level. The type,
quality, and quantity of resource data needed by
Paraguay (which is early in its development) is
completely different from those needed by its next-
door neighbors, Brazil and Argentina. A country’s
level of development frequently determines its ca-
pacity to finance data acquisition activities and
utilize results.

GEOGRAPHIC CONSIDERATIONS

In addition to general economic considerations,
a country’s strategy for resource survey is influ-
enced strongly by geographic factors. Among the
most important are overall geographic size of the
country, density and distribution of population,
existing infrastructure, and spatial distribution of
natural resources. A large, sparsely populated coun-
try with a uniform agricultural land base should
adopt a different strategy than a small, densely popu-
lated country with limited agricultural resources
concentrated in a few areas.

The intensity and timing of a survey are obvi-
ously affected by these geographic realities. The
large country with the sparse population and the
uniformly distributed resources, for example, may
benefit more immediately from surveys utilizing
satellite imagery, because it needs reconnaissance
data for large land areas. The small, densely settled
country may need detailed studies of limited areas,
employing methods requiring much more ground
truth.

I should mention in passing a critical geographic
factor that is sometimes overlooked in the design
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of resource surveys. The significant environmental
differences between temperate and tropical zones
are sometimes forgotten in the selection of tech-
nologies and methodologies. Since the majority of
the developing countries are concentrated in tropical
latitudes, this is an important consideration in any
survey decision.

INSTITUTIONAL FACTORS

Critical to any decision about an investment in
a resource survey in a developing country is a care-
ful assessment of existing institutions and available
trained manpower. Experience has shown that it is
unwise to import large quantities of foreign exper-
tise to do the whole job of data collection, because
frequently all they leave behind is a handsome
report and no one able to continue the analysis or
effectively utilize the information. In effect, unless
there is significant participation by the professionals
of the developing country in data acquisition pro-
grams, the results may be wasted. The limiting
factor is the capacity of the country to use foreign
expertise to complement local capabilities.

Equally as important as trained local profes-
sionals is the development level of survey institu-
tions. In many parts of the world, there are well
trained professionals whose productivity is very low
because they are not given adequate leadership and
institutional support and because institutions are
unstable. The limiting factor can indeed be the
capacity of institutions, rather than the quantity
and quality of trained individuals. Programs de-
signed to build institutions as well as to collect data
are needed.

In addition to capacities of institutions and indi-
viduals, a very important factor entering into de-
cisions regarding resource surveys is the availability
of existing data. After the economic needs have
been identified and the country’s institutional and
professional limitations have been clearly identi-
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