FRONTISPIECE. Satellite view of Great Bahama Banks. Note detail of ocean bottom information.
Small islands of Great Exuma, Cat and Long are only land areas along the reef. Depth of water on bank is
about 30 feet while in the tongue of the ocean (in lower left) it is over one mile deep. Photography taken
from Gemini V on 22 August 1965 on the 19th orbit. Altitude is approximately 120 nautical miles. Cam-
era: Hasselblad, Model 500-C (NASA modified). Lens: Zeiss Planar, 80 mm. Film: Kodak, S O 217 (MS
Ektachrome), 70 mm. width. (See page 782)
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INTRODUCTION AND OBJECTIVES OF NASA's
NATURAL AND CULTURAL RESOURCES
PrROGRAM

ATURAL RESOURCES ARE DEFINED as
those naturally occurring materials,
such as mineral deposits, timberstands, and
fresh water, which are of value to mankind.
Cultural resources are defined as those items
of value to man which result from his own
activities. As such they encompass all the
beneficial works of man and as so defined in-
clude man himself. Cultural resources are in
general derived from the natural resources.
Since World War I the natural and cultural

planetary natural and cultural resource data
from spacecraft.

3. To determine how the increased frequency
and synoptic coverage uniquely afforded by
spacecraft observations can aid the study of
time variant and relatively unchanging phe-
nomena on the surface of the Earth.

4. To develop improved methods of displaying

and disseminating space-acquired natural and
cultural resource data on a global basis suit-
able for utilization by scientific, technical, and
commercial interests.

5. To determine which natural and cultural

resource data can be most effectively and
economically obtained by manned spacecraft,
unmanned satellites, interrogation of surface
sensors, or the means currently being used.

6. To discover, by virtue of trained scientists in

ABSTRACT: A Natural Resources Program has been initiated in the National
Aeronautics and Space Administration (NASA) for utilizing remote sensors in
space for the discovery, inventory, evaluation, development, and conservation of
natural and cultural resources. Resources which can be studied in this manner
include mineral districts, soils, crops, timber, water, housing, transportation
networks, and human resources. These instruments in Earth-orbital spacecraft
possess a number of unique advantages, some of which are: rapidity and con-
tinuity of observations, greater freedom from weather disturbances, synoptic
views for regional syntheses, reduced data acquisition times, reduced costs, and

better quality data of several types.

features of the Earth have been extensively
“mapped”” by photographic means and to a
much lesser extent by radar and infrared
sensors. Historically, the development and
use of such techniques has been fostered by
the military, but in recent years there have
been widespread applications beyond the
military field. During the past three decades
civil and commercial interests have used air-
borne imaging devices extensively. Gravity,
magnetic, and radioactive measuring instru-
ments have also been applied to the search for
mineral and petroleum deposits. In the past
few years imaging sensors in unmanned and
manned spacecraft have been employed to
provide the first true synoptic coverage of the
lithosphere, hydrosphere and atmosphere.

The following list of overall program objec-

tives are divided into two phases of data-
gathering capability. These are the initial or
feasibility and research phases, currently in
progress, and the ultimate operational phase.

Feasibility and Research Phase:

1. To determine those natural and cultural
resource data which can be acquired best from
spacecraft for the benefit of mankind.

2. To test and develop the best combination of
observational procedures, instruments, sub-

systems, and interpretive techniques for the
acquisition and study of terrestrial, lunar, and

spacecraft, what unforeseen natural and cul-
tural resources or geoscience phenomena may
be observable from the overview available at
orbital altitudes.

Operational Phase:

To gather natural and cultural resource
data with spaceborne instruments in an
operational repetitive manner for use by

Dr. PETER C. BADGLEY
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F1G. 1. Anticipated Agriculture and Forestry Applications of Remote Sensors.

scientific, technical and commercial inter-
ests.

A large number of potential users having
interests in a variety of geoscientific problems
and applications have been identified. Among
the various fields of application which will be
actively served by the Natural Resources
Program of NASA are the following:

1. Agriculture and Forestry Resources,

2. Geography/Cultural Resources,

3. Geology/Hydrology (Mineral

Resources),
4. Oceanography (Marine Resources).

and Water

PossIBLE PHENOMENA WHICH MAY BE
OBSERVED AND RECORDED
ADVANTAGEOUSLY FROM
SPACECRAFT

Figures 1-5 indicate the types of phe-
nomena which may be ‘“‘mapped”’ from space.
The word “mapped’’ is used here to mean that
certain natural and cultural phenomena are
observed from space and recorded on photo-
graphs, images, tapes, or other data storage
media. After these raw data are recovered
and analyzed, the pertinent information is
plotted on appropriate bases which become
thematic maps. These thematic maps, to-
gether with written reports, constitute one
of the principal end-products expected of the
Natural Resources Program. Figures 1-5
also indicate the types of sensors that may be
used based on the state-of-the-art. As new or
better sensors are developed, the listings of
observable phenomena will undoubtedly
grow.

ACCOMPLISHMENTS TO DATE

With the assistance of disciplinary groups
in several Federal agencies and institutions,
program definition activities have been initi-
ated in the four disciplinary areas.

Many of the phenomena which each nat-
ural resource discipline wishes to obscrve
and record from space have been identified
(Figures 1-5). The instruments needed to
gather these data and their frequencies have
also been identified as closely as possible
(Figures 1-5).

The resolutions needed to observe each
phenomena are currently being identified. It
should be pointed out strongly, however, that
one of the main objectives of this program is
to determine the best combination of instru-
ments and the best resolutions for observing
natural resource phenomena. Until several
generations of instruments have been flown in
space and the data analyzed, it will be impos-
sible to be completely precise on the subject
of resolutions.

To develop the best analytical procedures
for each discipline, the various remote sensing
instruments recommended by the disciplinary
groups are being flown over carefully selected
test sites with aircraft. Examples of data ob-
tained to date are shown in Figures 6-9 and
the Frontispiece. New ground data at these
sites (soil moisture, surface roughness, com-
positional data, etc.) are being acquired as
needed. Certain companion laboratory analy-
ses of rocks and soils, etc., are also underway.

A data facility to handle the raw aircraft-
acquired data has been established. The data
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F1G. 2. Anticipated Geographic Applications of Remote Sensors.

from such test site overflights are being scru-
tinized by the disciplinary and instrument
scientists under contract to this program.
Appropriate changes in the data-gathering
procedures are being recommended periodi-
cally.

Albums of imagery acquired by this air-
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SEDIMENTATION

craft program together with spacecraft-ac-
quired imagery (from Gemini, Nimbus, etc.)
of value to natural resource scientists are
being compiled. An atlas which analyzes the
potential of this data for natural resource
scientists is in preparation.

The costs and times required to build the
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F16. 4. Anticipated Hydrologic Applications of Remote Sensors.

highest priority instruments have been

studied in a preliminary manner.

EXPLORATION AND MAPPING REQUIREMENTS

The economic status of any nation is a
direct function of the use its people make of
its natural and cultural resources. Expansion
in effective use of all resources depends on
enlarged knowledge of their distribution and
character.

Just to maintain the United States and
world economies at their present levels re-
quires continued discovery and development
of new resources. The supply problem is com-
pounding with growth in population and rise
in per capita consumption of raw materials

and energy. The U. S., for example, will
double its present consumption of most
minerals within 15 to 25 years.

As a result, it is particularly important
that we develop better techniques for dis-
covery of new deposits, especially for those
that elude detection by current search instru-
ments and techniques. In the past, new tech-
niques of data acquisition for natural re-
sources have resulted in a simultaneous in-
crease in production. It appears that the
capabilities of remote sensors in Earth orbit
can make significant contributions relative to
these exploration tasks.

The current domestic surplus of agriculture
products is likewise transitory and even now

>

F1c. 6. Identification of Soil and Crop Types by Diagnostic Color Signatures Using Aerial Ekta-
chrome Film (Visible Infrared). Photography taken in several wavelength bands simultaneously yields
signatures which when combined will provide positive identifications. Legend: (1) Healthy cotton 48
inches high, salinity: 1 MMHO/cm; (2) Unhealthy cotton 12—16 inches high, salinity: 7-10 MMHOS /cm.;
(3) Bare soil, salinity>12 MMHOS/cm.; (4) Pig weeds in wet area, minor sorghum; (5) Pig weeds above
short sorghum; (6) Dry topsoil between rows of sorghum; and (7) Bare soil between rows of sorghum,

high moisture content.
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F16. 5. Anticipated Oceanographic Applications of Remote Sensors.
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F1G. 7. Radar Image of Folded

will not adequately supply the entire needs of
mankind, New sources of foods, such as tap-
ping the abundant fish supply of the oceans,
are required to adequately feed the present
population, and in the future the need will be
all the more urgent.

The principal methods of recording and
analyzing natural and cultural resources is
through the use of thematic (topical) maps.
The determination of types, scales and area
coverage of required base-maps for each re-
source application is one of the initial fields of
investigation of the program. Table 1 in-
dicates the current status of availability of
basic map coverage of the world.

The remarks in the above tabulation in-
dicate that base maps not only must be pre-
cisely compiled, but must also be revised
periodically. The need for revision varies
greatly. Coastal charts often require revision
annually; urban area maps at least every five
years; and others in proportion to the natural
and cultural alterations involved.

Economic BENEFITS

Base and thematic mapping by conven-
tional aerial surveys is an extremely costly
operation. It has been estimated that over $1

PHOTOGRAMMETRIC ENGINEERING

and Faulted Geologic Structures.

billion is spent annually to obtain the air-
craft-acquired data from which such maps
are made, and yet only a very small percent-
age of the Earth's resources are so covered in
any one year. The Earth’s surface consists of
510 million square kilometers, of which 150
million is land areas. Table 2 gives an idea of
the costs involved to cover the land and adja-
cent shallow sea areas (150 million square
kilometers) once by aircraft.

If the remaining ocean areas were covered
only in a synoptic manner using magnetic-
gravity, infrared, microwave, and selective
photography at an estimated cost of $10 per
square kilometer, this would add $3.5 billion
to the land coverage figure. Thus, a one-time
aerial survey of the Earth and its force fields
would cost about $5.5 billion. However, many
of the phenomena affecting resources are time
variant and repeated coverage is needed.
Even if repetitive annual coverage were
limited to about 20 per cent of the world (100
million square kilometers) and if only synop-
tic sensing totaling $10 per square kilometer
were performed, the program maintenance
cost would be $1 billion annually. These
figures cover only the cost of data acquisition.
Data reduction and dissemination would in-
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volve costs exceeding those of the acquisition
phase.

The cost of mounting an operational real-
source-sensing space program cannot be
accurately determined at this time. Param-
eters, such as the payload, power, mode
(manned or unmanned), have not been fully
defined. However, if one assumes that these
parameters will be compatible with one or
more of the space vehicles being developed,
then the costs attributed to the Natural
Resources Program would be reasonable.

Comparing the cost of a space program to
one of conventional aerial surveys does not
provide the total answer. Many aircraft sur-
veys will still be required and some types of
anticipated surveys might not prove practical
by either aircraft or spacecraft. However,
indications are that, where coverage of a
global repetitive nature is required and ob-

787

tainable by both modes, a space system has
unquestionable economic advantages. It ap-
pears that the cost will be on the order of a
magnitude less for the space mode. The po-
tential economic advantages of utilizing space
for resource analysis is not limited to the
acquisition phase, but is also important in the
data reduction phases. Since space-acquired
data will be of a uniform and systematic
nature, its conversion into maps and statis-
tics will be enormously simplified when com-
pared to conventional methods.

The question of whether the program is
worth the cost of a spaceborne data gathering
system must be considered on the basis of
future demands for natural resources. Current
indications strongly support the need for new
revolutionary means, such as orbiting space-
craft, to meet rapidly increasing demands for
natural resources. The data of scientific value

FiG. 8. Kilauea Volcano, Hawaii. Upper: Infrared Image. Tonal variation shows distribution of
radiant heat; the brighter the tone the warmer the surface. USGS Infrared Scanner at 4.5-5.5 microns,
January 28, 1962, 7:02 A.M. Lower: Aerial Photograph. Large vent at left and small vent at right are
within large crater (Caldera). AT-11 Mapping Camera.
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F16G. 9. View of the Mouth of the Colorado River. Taken from Gemini 4 in June 1965 with a Hassel-
blad 500 C, altitude of 110-120 N. Mi. The Sonora Desert of Mexico occupies the lower right hand part of

the photo.

from such a program will also be enormous,
but unfortunately cannot have a price tag put
on it at this time. The full extent of the eco-
nomic benefits to accrue from this program
can be properly evaluated only by the scien-
tists and economists associated with the vari-
ous natural and cultural resources. This
evaluation has been initiated as an integral
part of this program, and there are indications
that the potential benefits will greatly exceed

the cost of the program. However, realistic
experiments and additional research must be
conducted before any specific dollar values
can be placed on these benefits.

FuTUuRE PROGRAM

Milestones and instrument development
plans have been set up for this program. The
actual timing of these activities depends on
funding, flight programs, and authorization

TABLE 1

WoRLD MAP AND CHART COVERAGE

Remarks

Per Cent of
Seala Land Area Covered
1:5,000,000 100
1:1,000,000 85
1:250,000 40
1:100,000 and larger 20
1:25,000 and larger 8

Ocean areas also

Generally well maintained

50 per cent needs revision

Over 50 per cent needs revision
Over 50 per cent needs revision
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TABLE 2

EsTIMATED COST OF AERIAL SURVEYS

Cost to Cover

Types of Surveys Cost/km? Land and
Adjacent Areas
A. Small Scale Mapping and Supplementary Photography and Infrared $6.00 $ 900,000,000
B. Magnetic-Gravity 5.00 750,000,000
C. Side-Looking Radar 1.00 150,000,000

$1,800,000,000

relative to the various stages of the program.
Ideally, the program should proceed through
the following phases:

FEASIBILITY

This phase, which is currently underway, is
basically one of experimentation from aircraft
and precursor spacecraft flights, during which
phenomena signatures will be determined.
During this phase, carefully selected and con-
trolled test sites will be utilized with the
subsequent correlation and evaluation of each
sensor with respect to the phenomena in ques-
tion being made. As instrumental value is
established, design and procurement of space
hardware will be initiated. Facilities for data
handling and reduction are also being estab-
lished during this stage. Aircraft testing of
sensors is expected to be a continuing activ-
ity, which will continue beyond this phase,
as it will be desirable to receive data from
both aircraft and spacecraft simultaneously
during the spaceflight testing phase.

SPACECRAFT TESTING

During the 1968-1972 period the first
flights with the primary purpose of sensing
the Earth’s resources are planned. These are
expected to include flights of the Apollo Ap-
plications Program, where manned space-
craft will carry a sizeable number of sensors
which can observe various parts of the Earth
simultaneously. On these initial spaceflights,
coverage will be concentrated over areas such
as the United States where ground controls
will be used to verify the conclusions derived
during the feasibility stage. Arctic, tropical,
and other representative test sites are planned
also. As a result of these flights, it is expected
that sufficient information will be available
to determine the optimum parameters and
factors for the sensing of natural resources
from space relative to the following:

1. Mode—unmanned, manned, or man-serviced;
2. Orbital configuration and flight duration;

3. Extent and variety of sensors:

4. Mode of data recording and their return to
Earth;

5. Methods of data reduction and dissemination.

During this stage, the basic economics of
resource sensing from space must be deter-
mined. This will involve weighing of the
benefits as opposed to the costs of the program
entering into an operational stage. Although
not an operational phase, it is expected that
considerable data of economic importance
will be obtained in addition to a large amount
of scientific information.

OPERATIONAL

The existence and extent of this stage will
depend on the economic analysis made during
the previous stage. Indications are that it will
be multidiscipline in nature, global in extent
and more or less continuous since many of
the important phenomena associated with
resources are time variant. Operational flights
may well begin while the orbital testing stage
is still in progress—perhaps during 1971 or
1972. By 1972 it is expected that testing and
operational spaceflights will be combined.

SuMMARY OF UNIQUE ADVANTAGES

There are many advantages to obtaining
imagery of the entire Earth or major parts of
it by means of orbiting geoscience sensing
systems. These systems encompass a number
of instruments and techniques applicable to
many disciplines, both cultural and natural,
and of use to scientific and applications
users. These systems have the unique utility
of complementing one another in their re-
sults, hence their broad applications.

For sizeable areas within the field of view
of the sensor, spacecraft coverage is truly syn-
optic. This is of great advantage to research
work in the Earth sciences and in natural re-
sources, which have been hampered by the
time and space scales that arise in the mea-
surement of the variable under investigation.
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Further, there is information in the whole
pattern of an integrated structure which can
neither be derived from elements of the whole
nor considered simply as the sum of the ele-
ments.

An important advantage of satellite pho-
tography is the aspect of real-time data
acquisition. With this characteristic remote
areas of special significance could be can-
vassed on short notice, thus providing in-
formation on impending disasters such as
tsunamis, and forest fires, and studying
disaster areas which result from storms,
earthquakes, etc.

For complete aerial photographic coverage
over large areas many technical problems
pertaining to data reduction exist, for ex-
ample, the assembling of broad-scale mosaics.
Here the photos must be matched, and cor-
rections in density, scale, or color reproduc-
tion be made, and finally the joining lines
must be reduced as much as possible. Using
space photography would reduce these tasks
to a minimum since one space photograph,
depending on scale, will cover many times the
area as most aerial photographs.

The long duration of spaceflights and all-
weather operations are highly advantageous
aspects of remote sensing from space. There
are many regions of the Earth that are
covered with clouds for long periods of time.
The cloud cover not only absorbs and re-
flects a large part of the radiation from the
Sun to the Earth, but also absorbs radiation
from the Earth out into space. In a manned
orbiting satellite the problem can be partially
overcome since the scientist on board the
craft will be able to see when an area is clear
enough to make observations and to also
employ those sensors which can penetrate
certain types of overcast. A less obvious but
highly significant advantage results from the
clearer images possible when the observation
is made from far above the turbulent refract-
ing and diffusing layer which often seriously
degrades aerial observations.

With orbital sensing, it appears that the
costs will be considerably less than even a
single synoptic global coverage with aircraft.

This is true because of the great amount of
data that can be rapidly acquired, of the more
complete coverage, and of the superior qual-
ity of some of the data which greatly reduces
the effort needed for processing and analyz-
ing.

Low-altitude photography applied to nat-
ural resource surveys and exploration has
proven to be of great value. However, up-to-
date and comprehensive data require frequent
overflights and near-blanket coverage; thus
extensive aircraft acquisition is prohibitively
costly. Since the resolving power of remote-
imaging instruments from satellite altitudes
will be sufficient to permit identification of
many different parameters of Earth resources,
a potential means of economically acquiring
such data on a world basis is offered.

A further advantage of orbital sensing is
that global coverage can be obtained by uni-
form types of equipment and methods of
calibration and measurements. This will in-
sure that data will be collected under con-
trolled conditions and will not be subjected to
these uncertainties. Obvious technical and
operational advantages result from the pre-
cise regularity of spacecraft motion, from the
lack of vibration, and from the high rate of
speed.

The Earth-orbital missions are also of
great value for the experience gained and the
testing of sensors and techniques prior to the
conducting of lunar planetary orbital mis-
sions.

World-wide resource management through
the use of operational spacecraft will provide
a combination of scientific, sociological, polit-
ical, and economic benefits. Through re-
source management, man is able to monitor
the total resource availability, make efficient
use of existing resources, protect existing re-
sources against damage or loss, and uncover
new resources. To be effective, action must be
taken well in advance of the depletion of
available resources. Thus accurate data on
current inventory and rate of depletion fur-
nishes the basic information required to
anticipate forthcoming pressures on resources
and to indicate appropriate steps to be taken.
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