NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

AT
ORIGINAL GOHTAINS ;
GGLOR HLILCITATIONS o

SECOND ANNUAL
EARTH RESOURCES AIRCRAFT PROGRAM
STATUS REVIEW

¢OLOR ILLUSTRATIONS REPRODUCED

N71

- QO wir

IN BLACK AND WHITE

VOLUME I
GEOLOGY AND GEOGRAPHY

Presented at the

NASA Manned Spacecraft Center
Houston, Texas

September 16 to 18, 1969

—_—— aa

NU-1936g

" (ACCESS'ON NU
4 [™" g maete S
~— (PAG S < 8. G WPy o3 6y
Xy
(NASA cR CRTMX Gr an NUMBER) W @5 2 )_Qc-‘

2
i
|
O

o

FACILITY FORM &

MANNED SPACECRAFT CENTER
HOUSTON TEXAS

Reproduced 1y,

NATIONA] TE
C
INFORMATION ?Eﬁlv%’.%

_Spn_ngﬁald, Va 22151



PRECEDING PAGE BLANK NOT FILMED

133

FOREWORD

On September 16, 17, and 18, a review of various aspects of the Earth
Resources Program was held at the Manned Spacecraft Center, Houston,
Texas. Parbicular emphasis was placed on the results of analysis of
data obtained with the Manned Spacecraft Center and other aircraft
which have conbtribubed data to the program

The review was arranged an conjunction wath the Department of Interior,
Department of Agriculbure and the Deparitment of the Navy Attendees
and participants at the meeting included program investigators, their
immediate assoclates, and program representatives from the above named
agencles and ESSA and NASA

The review was davided into the disciplinsry areas of Geology, Geography,
Hydrology, Agriculture and PForesbry, and Oceanography  An additaonal
session was held onm anstrumentation. Program investigabors presented
the results of their work in each of these areas The material presented
1s beang published in three veolumes:

Vol I — GEOLOGY AND GEOGRAFPHY

Vol IT — AGRICULIURE, FORESTRY, AND SENSOR STUDIES

Vol IIT — HYDROLOGY AND OCEAWOGRAPHY
The review provided a current assegsment of the progrem for both manage-
ment and technical personnel It 1s 1mportant to note that the materaal

pregented represented the current status on ongoing programs snd conse-
quently complete technical analyses will be available at a later date

-
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Geology
SECTION 1

GEOLOGIC AFPLICATIONS PROGRAM==SUMMARY OF
RECENT PROGRESS AND PLAWS+
by
William R Hemphill
U S Geological Survey

Introduction Washington, D C %1 - -1 é 2 5 %

The Geologic Applications Program, supported joirttly by the U =S
Geological Survey and by NASA, i1s aimed at evaluating the application
of airborne and satellite-borne remote-sensing systems to the
discrimination and identifaication of geologic materaals During FY
1969 the program involved about 58 professional project personnel from
the Geologarc Division of the Geological Survey  Eleven technical
reports descrabing the results of this effort were transmitted to NASA
in FY 1969, about 30 additional reports are 1n preparation

Contract and purchase-order agreements with nine universities and
industrral firms were issued during the year for the procurement of the
followang services and equipment

Compilation of a radar mosaic of Massachusetis

Faeld spectral reflectance measurements of geochemically
stressed areas

Field spectral reflectance measurements of selected
rtgneous and sedimentary rocks

Auvtomatic data processing and image enhancement

Infrared emission studies of mineralized areas.
Evaluation of microwave radiometry applicaizons to
geology

Purchase of an infrared emirssion spectrometer

NS =

-~ ot W

Studies Conducted During FY6Q

Airborne multiband line-gean imagery of Yellowstone National Park,
acqguired by the University of Michigan, was analyzed by automatic data-
processang techniques at hoth Purdue and Michigan data-processing
facilaties (H. W Smedes and K L Pierce, unpub. data) The results
of this work are encouraging. Nine categories of materials, including
Tour rock types, were automatically classified and symbolircally dasplayed
on a two-dimensional computer printout or "map" of the area  Some
success was also achieved using only the three spectral bands of the
Michagan scanner data that are analogous to the multispectral television
system to be included in the fairst Earth Resources Technology Satellite
(ERTS), tentatively scheduled for launch 1n 1972 Results from data-
processang experiments such as thisg one will contraibute to expedatious
handling and analysis of satellite data when 1t becowmes available

Studies along the Atlantic and Gulf coasts are aimed at evaluating
remote-sensor methods in observing the dynamics of sediment movement
and the rates of depositron and erosion of shore areas (H, L Berryhill,
unpub data). The results of these and similar studies could be of

*Publication authorazed by the Director, U S. Geological Survey
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direct 1mportance in such diverse activities as prospecting for
offshore placers, assessing the suscepbibality of a coastal area to
water pollutants, and changes of importance to coastal land use and
development. Satellate observation could be particularly suited to
this kind of work for two reasons

1. Some changes 1n coastal areas are sufficiently rapid
to be cbserved on the repetitive imagery that long-lived
satellites wall provade routainely,

2 The size of many targets of interest to marine geologists
are of sufficient size to be observed from orbital altitudes

Some success has been achieved in relating near infrared spectral
reflectance of balsam fair and red spruce growing at the Catheart Mountain,
Maine, test site to geochemrcal anomalies in the soil supporting the
plants (F ¢ Canney, unpub data) Although near infrared reflectance
has been exploited for years in early detection of agricultural plant
disease, this as the first attempt to relate plant stress to geochemical
constituents that are miidly toxaic to the plant.

Analysis of aerial photographs on a scale smaller than 1 120,000
shows thaf such photographs often reveal geologic information,
particularly structural information, that might otherwise be overlooked
on a photograph havaing a larger scale and therefore a smaller area
(Clark, 1969) The data and conclusions acquired in the study of
small-scale photographs are directly analogous to uses of orbital
photographs in wecognizing some regional geologic information that
cannot be roubtinely acquired in any other way

Analysis of a radar mosaic of Magsachusetts also demonstrates the
value of radar as a medium Tor revealing geological relabionships thatb
commonly are available only in a synoptic view (L R DPage, unpub data)

The work being conducted at the Mall Creek, Oklahoma, test site as
the beginning of a contrnuing program to use remote sensors at sites
where rocks of simple mineralogy are well exposed. Farly work 1s being
done at quartz and carbonate sites, more complicated mineralogies wall
be introduced later. Study of the infrared emission spectra and the
modafications of spectra introduced by variations of grain size, surface
roughness, and other varaiables, will hopefully someday permit interpretatbion
of these spectra in terms of the gross mineral composition of at least
some rock types.

A soils associatbron map covering 150,000 square miles of the south-
western United States and northern Mexico, was compiled from Gemini and
Apollo photography. The map demonstrates the value of synoptic photo-
graphy acquired from orbit in achieving an internal consistency among
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mapped units more readily than is possaible on maps comprled by conven-
tional means where several sources of data must be used (Morrison, 1969)
This effort, moreover, 1g producing the kuind of topical data of regicnal
importance that we can expect to acquire from orbital satellite imagery
when 1t becomes available on a routine basis.

Field evaluation of radic telemetry of data from ground instruments,
strategically located in active earthquake and voleano areas, to a central
reception center is the farst phase in assessing the value of relaying
similar information via satellite. Radio telemetry, conceivably, would
be cheaper to install and maintain than land lines, which tend to be
unreliable at the time of disaster, A satellite relay would also reduce
the number of ground telemetry receiving stations that would be required
in an all ground-based system

The Fraunhofer line discraminator is the first so-called remote-
sensing instrument to permit detection of solar-excited luminescing
material from aircraft. The instrument appears to have application not
only for gquantitatively monitoring current dynamics and sediment movement,
of interest to marine geologasts, but also for studies of water and air
pollution and possibly, for the detection of lumineseing minerals (Stoerts,

1969).

FYT70 Program

For FYT0, work of the Geologic Applications Program has been
consolidated into three NASA tasks, in order to facilatate adminasiration
of the program and to better reflect the kinds of geologic information
that we can expect to acquire from space. These three tasks are as follows

1. Study of regonal and continental geology and geophysics
Thigs task involves assessaing the use of the synophtic
overview of satellite photography and other imaging
remote sensors, to observe large-scale features that may
reveal geological relationships of regional significance.

2. Monatoring changing geologic features  This task involves
study of active time-variant geologic processes such as
coastal sedimentation and erosion, shoreline modification
caused by major storms, seasonal variations in vegetation
and snow that way enhance some geologre feabures, and monitoring
changing trends in the events of historically active volcances

3 Fundamental field and laboratory studies. This btask 1s
designed to gain a more complete understanding of how the
interaction of electromagnetic energy with rocks and other
natural materials may be modified by such variables as grain
s1Ze, surface roughness, weathering, temperature, and other
variables.
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SECTION 2

APPLICATION OF GOMPUTER PROCESSED MULTESPECTRAL DATA TO THE DIS~

CRIMINATION OF LAND COLLAPSE (SINKHOLE) PRONE AREAS IN FLORDA 1/

By A E Ccker 2/, R Marshall 3/, and ¥ S Thomson 3/

ABSTRACT N71"19253‘

The U S Geological Survey and the Infrared and Optical Sensor
Laboratory of the University of Michigan jointly collected data near
Bartow, Florida, for the purpose of studying land collapse phenomena
using remote sensing techniques  Data obtained using the multi-
spectral scanner system consisted of various combinations of 18
spectral bands ranging from 0 4 toe 14 0 micron and several types of
photography

Patterns that are hypothesized to be indicators of deeply buried
relic sinks were chosen from photographic strips of imagery representa-
tive of 18 spectral bands Data recorded in these spectra contain
information about vegetation physiology and soil conditions, and, after
special processing, these data may be used as indicators of hydrogeologic
conditions related to the occurrence of sinkholes (circular land collapse
features) Test sites within these patterns were chosen for multispectral
1mage enhancement and discrimination studies

The data were processed for the recognition of soil and vegetation
characteristics through use of the University of Michigan's multi-
spectral computer processor The processor computes as much as eight
Gaussian density functions with as much as 12 spectral bands A
likelihood function 1s then computed and tested using these functions
The results are in the form of video signals and are printed on film
to show the pattern of distribution of the proposed hydrogeologic
indicators

Terraln temperature patterns (obtained from processed 8-14 micron
data), when compared with moisture stressed vegetation patterns (obtained
from processed 1-2,6 micron data), show distinctive patterns that
correlate with the areas of known sinkhole formation in the Bartow area
These patterns also correlate with areas where sinkhole formation has
been predicted based on a study of National Aeronautics and Space
Administration data  Additional indicators of impending land collapse
may be derived from the multispectral data after further detailed analyses

1/ This study was prepared for the National Aeronautics and Space
Administration under contract No R-146-09-020-011

2/ U 8 Geol Survey, Tampa, Fla

3/ Infrared and Optical Sensor Laboratory, University of Michigan,
Ann Arbor, Mach
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INTRODUCTION

The study area 1s in the headwaters of the Alafia and Peace
River basins, near Bartow, Florida (fig 1) Carbonate rocks underlying
the area have in the geologic past and, are undergoing solution by
circulating ground water Much of the sinkhole formation that occurred
during previous periods of emergence of peninsular Florida has been
buried beneath as much as 300 feet of interbedded sand, silt, clay, and
marl The area 1s presently emerged and sinkholes are forming

Quartz sand of Pleistocene age blankets the surface, which 1s
underlain by phosphatic clays and sands of the Bone Valley Formation
Locally, the Bone Valley Formation unconformably overlies the Hawthorn
formation, 1n which many sinkholes have formed  The sinkholes developed
1n the Hawthorn formation are probably the result of sclution of the
underlying carbonate rocks  Buried sinkholes formed in the top of the
Hawthorn formation underlie this area of present day sinkhole occurrence
and development (fig 2, J B Cathcart, written commun , 1969)

Ground water 1in surficial sand percolates through semipermeable
confining beds of the Bone Valley and Hawthorn formations into the
underlying carbonate (Floridan) aguifer  Downward movement of this
water 1s concentrated in places where these confiping beds are thin,
absent, or breached by sand~filled sinkholes

The larger voirds with the limestones of the Floridan aquifer and
relic sinkholes may be filled or partly filled with porous sand so that
the overall vertical permeability of the geologic section, from land
surface to deep 1 the Floridan aquifer, 1s greater than i1n adjacent
areas Ground water in near surface aquifers should infiltrate into
an underlying carbonate aquifer (the Floridan aquifer) more readily
at these places of greater permeability.

Water levels 1n surficial unconfined aquifers in these areas of
greater vertical permeability should decline more than in surrounding
areas and a cone of depression, Somewhat similar to that formed 1n the
vicinity of a discharging well, should form  Because of continued
drainage, the water content of the soils overlying these areas of great-
er vertical permeability 1s reduced considerably more than in the soils
of surrounding and less well-drained areas

During seascons of heavy rainfall, the percolatron of somewhat
acid water into the Floridan aquifer through these zones of greater
vertical permeability should allow progressive carbonate solution of the
Floridan aquifer  Such chemical sclution can enlarge the underground
conduilts and weaken the roof that supports the overlying material
However, during rainy seasons when the recharge exceeds discharge,
hydrostatic pressure withain the aquifer will be increased. Thas in-
creased pressure helps support the weakened roof and prevents collapse
by reducing stress om the rocks
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During dry seasons as the water levels decline, hydrostatic pressure
partially supporting cavern and conduit roofs may decline enough, so that
the load stress caused by the overlying material exceeds mechanical
strength of the cavern roofs and collapse occurs (fig 3) In the test
area, industrial and agricultural expansion has led to a marked 1increase
in the use of water from the Floridan aquifer This continuing increase
in use of water coupled with a 6-year drought has caused a progressive
decline of hydrostatic pressure, which has probably accelerated the
natural process of sinkhole formation

A greater probablity for the formation of sinkholes 1s hypothesized
to occur in areas underlain by buried relic sinkholes, and sinkhecles
should tend to form during and shortly after time of greatest hydrostatic
pressure or water-level decline. The objective of the study was to test
this hypothesis and develop techniques by which land collapse may be
anticipated and predicted by using the techmiques of remote sensing

Because areas prone to active sink collapse are often not detectable
from apparent surface expression of hydrology and geology prior to actual
collapse, 1t was necessary to apply indirect methods to the problem of
detecting the surface effects caused by water-pressure decline 1in the
areas of active sinkhole development An experiment was begun to collect
and process data for the purpose of testing the hypothesis that areas of
active simks could be detected at the land surface from the integrated
effects of water loss at depth on vegetation and terrain temperature
dirfference due to water awvairlabilzty

Multispectral imagery data was acquired by the University of
Michigan's airborne 18-channel optical-mechanical scanner over a test
area near Bartow, Floraida, on September 5, 1967, at 1224 hours, and
September 6, 1967, at 0647 hours  Each flight was made at an altitude
of 2000 feet above terrain (fig &) These data have been processad
using multispectral techniques in order to detect water-stressed
vegetation and to ephance surface thermal effects The processed results
have been coxrelated with hydrogeologic field data to determine the
capability of using the processing techniques to identify and locate
areas of sinkhole collapse This paper will be devoted to an interpreta-
tion of the processed i1mages obtained by the automatic computer processing
techniques at the Infrared and Optics Laboratory of the University of
Michigan Detailed descriptions of the methods of collection and pro-
cessing of the i1magery are published in papers by Holter and Polcyn
(1964), Holter and Wolfe (1960), Lowe and Braithwaite (1966), Malila
(1968, and Marshall (1969)

The equipment and techniques employed were developed under several
contracts, with the Army (Ft Mommouth), Air Force (Wright Patterson AFB),
and the Department of Agriculture
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The applications presented in this report have inyolved
intensive collaboration of personnel engaged i1n remote~sensing
techniques at the Infrared and Optics Laboratory, University of
Michigan, and those Geological Survey hydrologists familiar with the
hydrogeology of the Bartow area near Tampa, Florida Very close
cooperation across the disciplines znvolved proved to be extremely
important for significant progress 1n this research

The investigation was performed under the general direction of
C S Conover, District Chief, Tallabhassee, Florida, and J S
Rosenshein, Subdistrict Chief, Tampa, Florida, Water Resources Division,
U S Geological Survey

THREE CHANNEL REFLECTIVE INFRARED PROCESSING

Four training set areas were selected that apparently represented
four different vegetation moisture stress conditions thought to have
been induced by sinkhole formation (fig 5)

The training set areas chosen were

Dry marsh vegetation

Dry grass vegetation along west edge of relic sinkhole
Dry grass vegetation near ithe center of sinkhole

Dry grass vegetation near east edge of sinkhole

PR ULRE (LI

Spectral signatures of these areas were obtained by the University
Michigan's processor (Spectral Analyzer and Recognition Computer) using
the near IR spectral band (1 0 ~ 1 4 jam (micrometer), 1 5 - 1 8 ym,

2.0 - 2 6 um) These signatures consisted of the mean and variance of
each of the training sets in each spectral band (covariances were not
1necluded) B

The computer was programed to compute the sum of the square of the
deviations about the mean for each point and to accept or reject the
point on the basis of the magnitude of the sum  The decision level
was arbitrarily set to yield a satisfactory and estimated ratio of
target detection and background rejectaion.

Rach signature was employed one at a time, to make strip maps
Color coded ozalid prints representative of each of the four recognition
signatures were made from these maps and overlaid to form a composite
recognition map of apparent moisture stressed wvegetation (fig 6, table 1)
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TEMPERATURE SLICING PROCESSING

Using the University of Michigan's processor, 12 separate 1mages
were produced from 8-14 pum data with each separate 1mage representative
of an increment of apparent surface temperature between 77°F and 98 5°F
Although the actual ground temperatures within each separate image are
not known, relative temperature information can be inferred from the
data  Each temperature separate was assigned a different color and
copied on an ozalid colored tramsparency (table 2) These color ozalids
were overlaid and displayed against an 8~14 pm black and white video
background to form a 12 - color composite thermal map (fig 7)

ANALYSIS

The data were collected during a drought, when the shallow water
table had markedly declined. Test drilling andicates that the soils
1n the test area have similar drainage properties They are mixtures
of s1lty organic matter and fine~to medium-~grained sands

Moist soils have a greater conductivity of heat than dry soils
and are heated to greater depths during daylight hours Consequently,
mo1st sorls do not cool as completely as dry soils and are warmer
during the early morning hours  Therefore, zones of similar surface
temperature may be indicative of sorl-moisture similarities, especlally
during early morning hours

Measurements of water levels in wells shows that the water table
slopes downward toward areas where sinkhole are present and forming.
Excluding minor ixregularities caused by puddling and topographic
anomalies, surface temperature conditions should reflect the general
water~table configuration The thermal imagery was collected on
September 6, 1967, at 0647 hours During this time, dry and well-
drained soils which should be cooler may indicate deeper water levels
than beneath moist soils Moirsture stressed vegetation should be rooted
mainly in dry soils and should serve as addirtional indicators of areas
defaicient 1n water The degree of vegetation stress should vary with the
degree of the deficiency 1in water
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The circular patterns of moisture-stressed vegetation obtained
from processed data in the reflective TR range correspond in shape
and area with those of apparent surface temperatures obtained from
processed thexmal IR data  From examination of the thermal map,
several different zones of cooler (80 5°F, 85°F and 86°F) surface
temperatures delineate the area of sinkhole activity (figs 7 and 8)
From examination of the reflective IR recognition map, molsture-~
stressed vegetation occursS mainly in dryer soils of the cooler
thermal zones (figs 6 and 7) Both patterns of moisture-stressed
vegetation and cooler surface temperature zones delineate areas of
active sinkhole formation (For example, the sinkhole area 1s the
area delineated by the red coded signature in trazning set 3 within the
area delineated by the cooler thermal zone ) The area of sinkhole
formation is underlain by a mantle of sand and a lime-sink, or
buried relic karst, topography (fig 2)

Other oval patterns observed in the reflective and thermal IR
recognltion maps (made from data collected in September 1967)
delipeated an area where subsidence began 1n the late sumer of 1968
(f1g 8) This area of most recent subsidence 1s about 3000 feet
north of the sinkhole area 1dentified in figures 6 and 7

CONCLUSTONS

Multispectral scanning and processing should prove to be
useful for conducting hydrogeologic surveys of karst areas., From
this study 1t 1s concluded that locating areas of future land
subsidence by multispectral remote-sensing technirques i1s feasible
Of particular significance 1s the successful application of the
techniques of multispectral scanning and processing of data acquired
from an airborne platform to the determination of sinkhole formation
that may be related to hydrogeologic conditions that occur several
hundreds of feet beneath the surface of the earth
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TABLE 1 Color key for sink area vegetation

Training Set

1

2

Color

Blue

Green

Red

Brown

Feature
Dry marsh vegetation

Dry grass vegetation along west
edge of relic sinkhole

Dry grass vegetation near the
center of sinkhole.

Dry grass vegetation near east
edge of sinkhole
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TABLE II  Color key for false color thermal contouring in sink area

Color Average apparent surface temperature (°F)
Cyan 77.0
Violet 79 0
Orange 80 5
Black 82 ¢
Yellow 83 5
Red 85 0
Blue green 86 5
Dark brown 88 0
Yellow green 90 0
Magenta 93 ¢
Olive 96 0
Dark blue 98 5
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Figure 1.

The shaded area outlines the approximate area in Florida

covered by University of Michigan's airborne multispectral scanner
on September 5th and 6th, 1967
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Figure 2. Sand-filled sinkholes formed in limestones of the Hawthorn
formation underlie the study area at depths as much as 50 feet
beneath the land surface. Land collapse is hypothesized to occur
more frequently in areas underlain by buried relic sinkholes,
as indicated by the configuration of top of the Hawthorn formation
(From unpublished map by Cathcart).
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Figure 3. One of two homes lost in land collapse in Bartow, Florida,
May 22, 1967. Sinkhole that formed was 520 by 125 feet and 60 feet :
deep.
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AERIAL PHOTOGRAPH OF THE KARST STUDY AREA NEAR BARTOW, FLORIDA

§ Michioe

Figure 4. Sinkhole formed along the west side of US Highway 98 is in
the test site in the center of the photograph. The hydrogeologic
conditions associated with highway subsidence that occurred 3000
feet north of this area are not discernible from interpretation of

this photography.
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ARST AREA NEAR BARTOW, FLORIDA
IMAGERY OF

magenta v

along western edge of relic sinkhole

grass near the center of sinkhole

near the eastern edge of sinkhole

Figure 5. Location map of training sets in a karst area near Bartow,
Fla.




Figure 6. The circular patterns along US Highway 98 to the left
of the center part of the photograph show the area of active

subsidence.

COLOR CODED RECOGNITION MAP OF MOISTURE
STRESSED VEGETATION IN KARST AREA.

The composite recognition map is displayed against a 1.0-1.4mm
black and white video background. Each recognition signature
separate of the moisture stressed vegetation training sets is coded
in a different color

TS5 1 Blue
TS5 2 Green
TS 3 Red
TS 4 Brown

Images and separates were formed from data acquired by the
University of Michigan's airborne multispectral scanner system,
near Bartow, Florida, Sept. 5, 1967 at 1224 hours, Altitude 2000’

above terrain

lLess obvious patterns suggest sinkhole formation, about
3000 feet north.




MULTI-COLCR CODED THERMAL MAP
OF KARST AREA.

The composite thermol map of twelve temperature separates
between 77 deg. F. and 98.5 deg. F. coded in different colors, is dis-

ployed against on 8-14mm black and white video background

All imoges and separates were formed from data acquired by

the University of Michigan’s airborne multispectral scanner sys-
tem, near Bartow, Florida, Sept. 6, 1967 at 0647 hours, altitude

2000° above terrain

Figure 7. The concentric and cooler surface temperature zones form
patterns along the west side of US Highway 98 in the center of the
photograph and show the area of active subsidence. Other patterns,
suggestive of sinkhole formation, occur about 3000 feet north.




AREA SHOWING THERMAL IONES AND
ENCE NEAR BARTOW, FLORIDA

F Michic

Figure 8. Cooler surface temperature zones delineate the dry areas of
deeper water levels and subsidence.
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Geclogy
SECTION 3

DIGITAL COMPUTER TERRAIN MAPPING FROM MULTISFPECTRAL DATA,
AND EVALUATION OF PROPOSED EARTH RESOURCES TECHNOLOGY SATELLITE (ERTS)
DATA CHANNELS, YELLOWSTONE NATIQNAL %°ARK* PRELIMINARY REPORT*

-

by

Harry W. Smedes, Kenneth L. Pierce,

Mare G Tanguay, and Roger M Hoffer N 7 i - 1 9 2 5 4

ABSTRACT

Digital computer processing of 12 wavelength bands of visible and
reflective infrared scanner data has resulted i1n successful auntomatic
computer mapping of eight terrain umbts i1n & Yellowstone National Park
test site

Target areas 1n the scene were selected for training the computer,
Statistical parameters of radiance such as mean, standard deviation,
divergence, and covariance were computed for each category of matermal.
These data were used in the computer program to determine which channels
are most useful for recognition of all obgect categories studied, and to
actnally classify all the unknown data points into the knowm categoraies.

The following terrain types have been mapped with greater than 80
percent accuracy in a 12-square-mile area with 1,800 feet of relief:
bedrock exposures, talus, vegetated rock rubble, glacial kame terrace,
glacial till, forest, bog, and water, and shadows., In addition, shadows
of clouds and cliffs are depicted

In addition, studies were made of the effectiveness of the proposed
Farth Resources Technology Satellite (ERTS) data channels as compared
to the computer-selected best four channels in the automatic recognition

and mapping of the same terrain types based on simulations, using the
same set of data,

These simulations resulted 1n maps whose accuracies were only a few
percent less than that using the best set of four channels, they indicate
that the ERTS data channels are likely to be successful for terrain
analysis of a wide variety of categories encompassing a broad range of
spectral reflectance

These studies also indicate that, for 2 broad range of terrain
categories, many combinations of 3 or 4 channels of data would be
satisfactory. We need worry about careful selection of specific
wavelength bands only if there 1s a specific category being sought.

PFURPOSE AND SCQPE
This report swmarizes the preliminery results and current

status of studies of digrtal computer processing of airborne multispectral
data, the success of automatiec recognition and mapping of the distribution

¥Publication authorized by the Director, U S Geological Survey
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of eight darfferent terrsin types, and the effectiveness of the proposed
Earth Resources Technology Satellite (ERTS) dsta channels as compared
to the computer-selected best fsur channels in the automatic recognition
and mapping of the same terrain types based on simulations, using the

same set of datsa.

Thas study involves the data from one flight over a test area of
about 12 square miles in & region of moderate relief (1,800 feet)
comprising a wide variety of terrain types.

The data were scquired and processed in analeg form by the Institute
of Science and Technology of the University of Michigan, and were
processed in digital form by the Laboratory for Agricultural Remote
Sensing (LARS) at Purdue University. This report is concerned only
with the preliminary study of the digital processing, This and other
aspects of automatic data processing will be described in more detail
in g later report.

The U.S, Geologilcal Survey conducted field studies before, during,
and after the flight, and actively participated in the computer processing.

DATA ACQUISITION

A multispectral survey vasz made of selected test aress in Yellowstone
National Park during flights by the University of Michigen in September,
1967, on o NASA~-sponsored contract to the U.S. Geological Survey.

The University of Michigan l2-channel scanner in the 0.k to 1. 0 m
range (table 1) provided the principal dats for the computer process1ng
described in thas report. In addition, two scanner systems recorded a
total of five channels of reflective and thermal infrared data in the
region beyond 1.0.m. A simplified diagram of the scanner-spectirometer
15 shown in figure 1,

As the aireraft flies over the test area, the ground surface is
scanned In overlapping strips by successive sweeps as s mirror i1s rotated
at sbout 3,600 rpm. The radiant energy reflected (or, in the case of
thermal infrared, emitted} from the earth's surface 18 reflected off the
rotating mirror and focused, by other mirrors (M), cnto the slit of a
prism spectrometer, thus refracting the rays into a spectrum.

Fiber optics placed at appropriate places lead to photcmultiplier
tubes which measure the amount of radiant evergy received in each of 12
overlapping bands or channels of this spectrum from O.k to 1. 0., m
(visible viclet to reflective infrared). This energy, which is now &
voltage, is fed to a& multitrack tape recorder vwhere each of the 12
channels is recorded as s separate synchronized signal on magnetie tape.
Similar, separste scanners recorded the infrared part of the spectrum
from 1 to 1kum (see teble 1).
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Table l.--Wavelength bands of University of Michigen multispectral system.

Channel Wavelength
nunber band, in
micrometers

(/u.,m)

SCANNER NO, 1

0.,40-0,4k
e 46
ahs— .}"8
114'8" .50
'50- -52
+52=- .55
055" '58
058- ¢62
62~ .66
10 66~ T2
11 .'{2- .80
12 +80-1.00

O~ Wi -

SCANNER NO, 2

l 1.0 -lih
2 2,0 =2.6
3 3.0 =h4,1
¥ L5 .55

SCANNER NO. 3

- —an l'/8 00‘-11} .0

1
-! Denotes thermal infrared channels; others are reflective,
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Photographs taken at the same time the scanner data were aequired
provide important s:iylements to the contrel data—-¢commonly referred to
as ground-truth dat « These photograyhs consist of color, color

1/control data or "ground-truth data" refers to all that is known
about the site conditions, including types and distribution of materials,
{determined from conventional field mapping and examination supplemented
by study of photographs taken from the air and ground, and measurements
of such parameters as temperature, relative humidity), porosity, moisture
content, and spectral reflectance of surface materials, Collectively,
these constitute the control data with which the test data can be

compared.,

infrared, black snd white panchromatic, and black and white infrared
f1lm on board the airecraft, and color film from stations on the ground.

DATA PROCESSING

Any given channel of magnetic tape dats can be reproduced by
photographing & cathode ray tube video (C-scope) pregentation of the
tape data (fig. 2), In contrast to processing the data in analog form
such as that in figure 2, they can be processed in digital form by
making a digitized copy of the original megnetic tape. This 1s the
procedure used by the Laboratory for Agricultural Remote Sensing (LARS),
Purdue University. The remginder of this report will discuss the LARS
method of handling multispectral scanner data, and preliminary resultis
obtained on 2 seection of one flight-~line of the Yellowstone Park dats.

This particular run was digitized in suech a manner that, on the
average, there was neither overlap nor underisp of adjacent scan lines
(fig. 1), The scanner resolution s 3 millaradians, and the eircraft
altitude was about 6,000 feet above terrain., This required that every
10th scan line be digitized. Also, each scan line contains 220 ground
resolution cells., The scanner mirror rotates at constant angular rate
whereas the digitizing was done at equel linesr rate., This, plus the
effects of topographic relief, changes the size and shape of the ground
resolution eell from the midpoint to both ends of the scan line, Even
so, the average dimensions of the ground resolution cell are approximately
20 by 20 feet, There is a gap of shout 20 feet between cells along each
scen line,

The analog data were gquantized to 8-bit accuracy. Therefore, each
resolution element of each spectral band has one of 256 possible wvalues,

A computer printout of the deta from any given channel is made to
simylate the anslog video display by breeking the continuous tones of
the gray scale into & finite number of discrete gray levels by assigning
a letter or symbol to each level in secordance with the relative emount
of ink each symbol imprints ontc the paper., An exsmple 18 given in
figure 3. Each of the 15 reflective and 2 thermal channels could be
printed as video and/or digital printout images, constituting 1T7-chamnel
multiband imagery {for an exemple, see Lowe, 1968, fig. 12a and 12%,

. 94 and 95).
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It is virtually hopeless to attempt to integrate and evaluste desta
for each spot on the ground on all 17 imeges by visual ingpection,
However, now that the dats are recorded as electrieal signals on magnetie
tape, they can easily be processed electronically in several ways to
enhance selected features and to determine the statistical parameters
of the spectral radfance {reflectance or emmittance) of each category
of material in the scene,

In the pattern-recognition method being used by LARS~Purdue,
speeific, known, target areas in the scene are selected as training
areas, The gray-scale printout {fig. 3) serves as a base for lgﬁating
these areas. The area coordinates are fed to a computer system~' , which

2/ An IBM 360 model bl computer with 64K bytes {8 bits per byte) of
core storage was used. The principal compubter languasge used was FORTRAN,
with ASSEMBLY used for some of the support programs,

then computes the statistical parameters of each eategory of material.
These statisties are calculsted from the relative response in esch channel
(figs, b and 5), Relative response can be considered as en uncalibrated
reflectance measurement, where the lack of calibration between channels
allows only relative comparisons of the various categories of materials
within each channel., The statistical parameters esleulated are based on
an assumed Gaussian distribution of the data, and include the mean,
standard deviation, covariance, and divergence (i.e., the statistical
measure of the separsbility of classes)., These statistics are stored

by the computer, and are used to represent the multispectral characteristics
of each designated category of materisl. These stetistics constitute

the muzltispectral pattern or "fingerprint" of each terrain category, and
are uged in the computer program to 1} determine which channels are most
useful for recognition of all object categories studied, and 2) actually
classify the unknown data peoints into the known categories using &
Gaussian meximimelikelihood decision scheme,

Four channels were used in this study. This decision was based on
experience at LARS~Purdue which has shown that the use of only 4% of the
12 channels in the 0.k to 1.04/m renge results in approximately as good
& classification as does the use of more channels, Computer time, which
increases in & geometric fashion with the number of channels used in the
classification, 18 costly; therefore, some optimum for the number of
channels used, the quality of results, and funds expended must be
achieved,

The channeleselection part of the computer program provides the
ecepsbility of measuring the degree of separability of Gaussian distrabuted
categories and determining the optimum set of channels for doing so.

This is done by calculeting the statistical distance in N-dimensaional
space between the classes, N being 12 in this case.

The classification part of the computer program invoives the actual
elassification {mapping) of an arbitrary number of classes using an
arbitrary number of chamnels and = Gaussian meximum-likelihood schene.
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The display part of the program displays the results in line-printer
form, and analyzes the recognition performence in each training area

A thresholding capability 1s provided in the display process. If
the resolution element does not exceed a pre-set threshold--that is,
1f the element does not look sufficiently like a member of the class to
vwhich 1t has tentatively been assigned even though that is the most likely
class-~then final classification of that element 1s declined and that
element 15 asgigned to & null category (rejected) and displayed as a
blank. Different thresholds may be assigned to each of the classes
mdividually.

When coordinates of other known areas (test areas) are fed to the
computer, the computer determines the classification of those areas and
compubes the accuracy of classification, Appraisal of numercus test
areas gives a more complete and meaningful evaluation of the overall
recogmtion performance of the computer prograzm.

RESULTS OF DIGITAL COMPUTER PROCESSING
Computer-selected best set of four data channels

A test of automatie recognition and mapping of terrain by digital
computer 1s currently underway at Purdue University, Data from a 12-squsre-
mile area 1n Yellowstone Park are beang used 1n this apalysis. Thig area
(figs. 6, 7, and 8) has a relief of about 1,800 feet A segment of the
digital computer terrain map ig shown in figure 9, This map was generated
by the digital computer on the basis of 4 channels selected from 12-
channel scanner data gnd the statistieal definition of classes provided
by the training areas,

The part shown 1s composed of 127,600 data points--about 47 percent
of the full map. The full map-covers an area of agbout 2 by 6 miles and
15 composed of 269,060 data points. The eight terrain categories
digcussed on the following pages were selected arbitrarily during field
study and the early part of computer processing. They were selected not
on the basis of composition or genesis, as we traditionally do in the
course of geologic mapping, but on the basis of their overall surface
color and brightness inasmuch as that 1s what the sensor was recording.

For example, geologists are more interested in the areal distribution
of a sand and gravel unit, such as glacial 111, than in the distribution
of forest. Conventional maps would show the extent of t111 regardless of
whether 1t was the site of a meadow or was covered with dense forest The
terrain units of thig study necessarily show the unforested ti1ll as one
unit (t111) and the forested till as a different umt., In fact, all
forested terrain, regardless of underlying rock or soil unit, 18 shown
as a single unit.

Initral processing disclosed that at least 13 categories could
be separated, Several of these were subunits which have been combined
to make the dasplay shown in figure @, The following 1s a briefl
description of the § categories {including shadows) mapped, and the
sccuracy of the computer classification as compared with the control data



1, BEDROCK EXPOSURES (red on fig. 9)

Thas unat (fig. 10) consists of bare bedrock exposed by glacial and
stream erosion and mantled by minor amounts of loose rubble,
Thegse are unvegetated except for lichens and sparse tufis of
dry grass, and have high reflectance in nearly all channels.

This category 1s present meinly in the western part of the test
area, along the banks of the Yellowstone Raiver, and in a quarry
where 1t was moderately well classified, Where misidentified,
1t generally was classified as vegetated rock rubble-=a closely
gimilar unit into whach 1t grades,

2, TALUS (purple on fig. 9)

This category includes blockfields, talus, and talus flows of
basalt lava flows, voleanic tuff, and gneiss, formed by frost-
riving and solifluction from outcrops. These are blocky and
well-drained deposits; trees are widely spaced or absent (f1g.
11}, Blocks generally are covered with dark-gray lichens (fig.
12), The blocks range from & few inches to a few feet 1n diameter;
most are larger than 3 inches. The slopes range widely, from
359-459 at the head, to 5° or less at the toe, In places, 2
basin or trough lies just inside the distal margin of talus flows.,

A11 of the known areas of this unit and a few previously undetected
are clearly delineated,

3. VEGETATED ROCK RUBBLE (@ark browm 1in fig, 9)

This unit consists of localiy derived angular rubble, frost-riven
from basalt lavas, volcanic tuff and breccia and gneiss, Grasses,
lichens, evergreen seedlings and mosses now cover more than three-
fourths of surface umnderlsin by this debris (fig., 13). Blocks
range in diameter fgom less than 1 inch to several feet and occur
on slopes of from O to about 25°,

The genersal areas clasgsified are realistic, dbut in detarl this unmit
is the least well classified. Because of the small size of the
1ndividual areas occupied by this unit, it 1s not possible to
locate precisely a2 homogeneous training area. In the western
part of the test area there are many small areas classified as
this unit which are rock rubble frost riven from ice-scoured
outerops which are surrounded by glecial till.

Lk, GLACIAL KAME (1ight brown on fiz. 9)

These are meadows underlain by sand and gravel, and mantled by sandy
silt (fig. 14). The deposits are well=-drained and are vegetated
by grass and sagebruszh, About one-~fourth of the area of this unit
iz exposged mineral soil. Deer and elk manure locally cover as
much as one-fourth the surface area,
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Areas of kame meadows are accurately depicted. Areas of forested
kame sand and gravel between open meadows of kame were erratically
clasgified by the computer, mostly as other units. Control data
show that i1n some places this unmat oceurs as small scattered
patches surrounded by t111, in those places 1t was misidentified
by the computer

5. GLACTAL TILL (yellow)

This category consists of meadow areas underlain by glaeial t111
These are grassland and sagebrush areas (largely dormant at time
of flight) with mineral so1l exposed over sbout one-fifth of the
area (fig. 15). Mineral soil consists of mixtures of si1lty to
bouldery debris. Deer and elk manure locally is abundant in these
meadows. This unit was first classified as four separate subunits
on the basis of change 1n 11llumination across the flight path, but
the four were later combined into cone unit for the map printout,
Classification 18 estimated as about 95 percent accurate over the
entire flight strip. The other classification symbols scattered
throughout areas of this umt generally are correct, for there
are small areas of vegetated rubbdle and of bogs 1n meadow Areas
underlain by till.

Although both the t111 and kame deposits are the sites of meadows,
the differences in amount of so01l exposed znd the subile
differences in soil composition and texture apparently perm:t
these two categories to be accurately distinguished by the
computer

6. FOREST (dark green)

Depicted here are Douglas Fir and lodgepole forest {see fig. 11).
Local clusters of deciduous trees were recognized separately, but
combined with evergréefis ih thid disdplay. This forest unit
generally is well recognized in large almost uniformly colored
blocks. All forest areas seem to be consistently recognized.

7. BOG (light green)

These are mois$ areas supporting tall lush growth of sedges and
grasses. Bogs are rather abundant because of glaecial scour and
derangement of drainages. Thigs 18 one of the best reecognized
units. All known bogs and many previously unknown small bogs
were correctly mapped.

8. SURFACE WATER (blue)

The Yellowstone River and Floating Island Iake (see fig., 11) were
clearly recognized Phantom Lake (not on this segment of map)
was dry at the time of flight, and so was correctly classified
as bog rather than water, Parts of the Yellowstone River were
omitted or generalized, principally because the width of the
river is near the threshold of resolution, and because some data
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points were integrated valuwes of river plus some other category
or categories, Stretches of white-water rapids were thresholded
out. In places, the shaded north edges of patches of forest were
printed as scattered points of water or talus,

9. SHADOWS (black)

Cloud shadows are near west and south-central margins of the test
area (fig. 7), and deep shade occurs at base of north-facing
cliffs and along north edge of forest areas  All were recognized
well. Those along the south-central margin are shown in faigure 9.

10. OFTHER (white)

A1l data points whose reflectance did not closely fit the statistical
data for any of the above nine categories were rejected, and shown
as blank regions on the map. A few of these are very light and
bright areas of shaliow water where bottom deposits show through,
or are white-water rapids and gravel bars,

A blacktop road casn be detected 1n places as a line of anomalous
mixed colors, bubt is not consistently recognized as any particular
category. The road is sbout as wide as & singlie data point and hence
15 at the threshold of resolution.

Although all bedrock types were classified as a gingle unmif, the
spectral reflectance histograms, spectrograms, and the divergence data
indiecate good possibility of distinguishing among several of the rock
types present. TFurther testing over areass of larger rock exposure seems
Justified,

Thermal overlay

Another aspect of the work underway i1s a terrain classification
made by substitubing one or more data channels from the infrared
scanners (1.0-1% 4m) for those of the 12-chanmel scanner (0.4-1.0 4m)

For this test, channels 1, 3, 5, 7, 9, 10, 11, and 12 of the
12-channel scanmer were combined with the 1.0-1k 4m, 2.0-2.6u4m,
h,5-5 54m, and 8-14 4 m channels, A computer program recently developed
at LARS-Purdue made it possible to overlay the data from these two
separate scanner systems. The computer selected the best set of four of
these chammels (table 2) for classification of the terrain in the same
manner as before The maximum mismatch of registry is no more than three
ground resolution cells, and probably 1s mostly no more than cne cell

The "map" on the right side of figure 9 1s the result of overlaying
one thermal and three reflective chamnels {0.66-0.72, 0.80-1.0, 2.0-2.6,
and 8-144m). Only one of these channels 1s in the visible range
Because the scan angle of the thermal scanmer was much narrower than the
reflective, this display covers only the middle east-west strip of those
shovn to the left of 1t The close correspondence of this display with
the others indicates the accuracy of classification,
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Table 2,-~-Channels used in the terrain class:fication and mepping, and to
simulate the ERTS data channels.

Wavelength band Color or Michigan scanner
uged Spectral region ¢channel number
0. 44~0. 46 0m Blugrerercmrracnceannmennew 2
Best U4 .62~ 66 OrBNge=~vmmmcmmmnrmanm———— 9
channels 66~ T2 Red=mmmmmcmmr e e ———— 10
.80-1.0 Infrared--——-eemee- ——————— 12
b6 T2 Refeonmmon oo 10
.80-1.0 Infrarede-—eeceeammmeeen——- 12
2.0 -2.6 Infrared-~e--eeeeeam- ———— o
8 -1k Thermal 1nfrared----- m——— -

ERTS scanner channels:

0.5-0.6 ilmmmmae  .52= .55 LYY ———em 6
Bm T emema- 6o~ 66 Orange===mesuweauan ———— 9
Te 8 coweew 72~ .8 INFrarederenneeeemume———" - 11
812  memman .8 =1.0 Infrared-ececmcemcmcaca- -———12

-

ERTS RBV cameras

0.535 4m peake=« .92=- .55 GreeNemenecnurem e~ 6
.680 - BB T2 Redeormammnnrccnnnmo——on—— 10
.T60 - 2. 8 Infroaredecerreccrcnnansecas 11
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These studies should enable us to further extend the range of
potenti1al diagnostic spectra for existing categories and may point out
some additional terrain categories. In addation, they will be useful
tests of how well computer programs can take data from different scanner
systems and automatically overlay them to produce a single set of
multispectral data

-

Samulation of ERTS data channels

Along with the studies of evaluating the accuracy of performance,
we are studying how well data in wavelength bands tentatively designated
for the proposed Earth Resources Techhology Satellite (ERTS) might serve
for autometic mepping of the same ten terrain categories in the same area

The midpoints of the channels of the proposed ERTS h-channel scanner,
and the peak transmissions of the three Return Beam Vidicom (RRV) cameras
were matched with the closest channels of the Universaity of Michigan 12-
channel scenner. These data are summarized in table 2 and figure 16.

The classification using the simulated ERTS 3-RBV cameras 1s shown
in the middle display in figure 9. Note the close agreement with the top
display-~that based on the computer-selected best set of four channels.
The displey of the simulated ERTS h-channel scenner data has not been
colored yet. A segment of the uncolored classification i1s shown in
figure 17, with the RBV camera simulation and the computer-selected
h-channel display, for comparison (figs 18-20).

ACCURACY

In general, the productsare highly satisfactory terrain maps which
portray PHYSIOGRAPHIC UNITS or ROCK-SOIL~-VEGETATION ASSOCIATION URITS.
Accuracy 1s determined by comparing the computer-generated maps with the
ground control data

Where terrain categories were areally extensive, they were correctly
1dent1fied by the computer Most inaccuracies occurred where the umits
were small and where some were below the threshold of resolution,
accordingly, the radiance for & given resolution cell was & complex
combination of several categories. Presumably, the computer usually
selected the dominant terrain unit or, by thresholding, indicated that
the spectral properties did not clearly fit any of the classes,

For comparison of the performance of classification using the ERTS
simulations with the best sets of 4 channels, the computer rated itself
in the training areas only. For example, of the total of 5,418 data
points used in training the computer, less than 20 of those were
subsequently clagsified (using the best set of 4 channels) as something
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other than what they were called during the training. The ratings are
as follovws:

Best set of 4 chennelsee--- 99,6 percent

Thermal OVeETrlay=mmm= 8.8
ERTS Y-channel scannereee-- 97,7
ERTS 3~RBV camersSuessseee= 93.8

The figures are a good measure of the relative accuracy of each
test. They are mislesding in part because the computer assumes that
each training area is homogeneous and completely what it was labeled,
The 0.4 percent error probsbly is a close measure of the degree of
inhomogeneity of the material in the training areas.

Preliminary results of computer studies which rate the accuracy of
classification of test areas give the following overall performence
(deta from unpublished report by Mare G. Tanguay):

Best set of & channelSew=eee==- 86 percent
Simulated ERTS bk channelgem==me 83
Simulated ERTS 3=-RBV cameragee~ 82
Thermel overlay - 81

These figures should be teken as approximations only. They agree
with 2 preliminary visual estimate that the overall accursascy of all
displays is more than 80 percent, and indicste that the best set of 4
channels gives slightly better results then the other 3 displays, all
of which are sbout equally good,

The drop in accuracy from 99 to 86 percent, ete,, from the training
to the test areas, is understandable, because we would expeect the
computer to perform well in the areas where it was trained, (by circular
reasoning) unless the reflectance of two or more categories were closely
similar in 811 channels used,

For the training areas, the classification made using the overlay of
thermal and reflective channels was virtually as accurate as the best
classificetion~-that using the computer-selected best set of 4 reflective
channels (98.8 vs 99,6 percent, respectively). However, for the test
areas, the thermal overlsy was least accurate (about 81 vs 86 percent).
The slight mismatch of registry in parts of the thermal overlsy test
undoubtedly resulis in a less accurste classification than if all
channels were in complete registry, as would occcur if a single scanner
gystem could cover the range of 0.l to 1g/ym or more,

Nevertheless, these studies indicate that the lnfrared region is
proemising in the classification of some terrain units. For example,
in the test sreas the thermal overlay classification was better than
the computer-selected best four channel classification for glacial +ill
(95 vz 93 percent), glacial kame (82 vs T4 percent), and bog (81 vs 80
percent), The accuracy of classification of talus in the test areas was
only about 49 percent; however, most of the error was due to tmlus being
migselagsified as vegetated rock rubble--a unit which actuslly 1s aquite
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similar to talus. If talus and rock rubble are combined as a single unit,
the accuracy jumps to about 83 percent, whereas the same combination was
classified only about 76 percent when using the best set of 4 channels in
the test areas,

In geologic applications 1t is more desirable to know what kind of
material the forest 1s growing on than simply to know where the forest 1is.
The thermal overlay classification has some potentizl in this regard, 1t
has been shown (Waldrop, 1969) that thermel infrared in forest areas
can 1n places indicate the sites of thick, wnconsolidated, well-drained
gravels vs bare or thinly mantled bedrock.

An obvious advantage of infrared data channels for space applications
is the haze penetration #bility. Tarther investigations are needed to
adequately assess the potential of these channels, particularly over
areas of extensive rock outcrops.

Studies presently underway also include careful evaluation of the
overzall asccuracy by point-to-~-point comparison with control maps. It
is wmportant to recall the recognition of previously undetected areas
of occurrence of some terrain units This means that errors in the
control maps are being detected at the same time errors in the
computer printout are being sought.

In general, the ERTS simnlations differed from the computer-selected
best 4 channels as follows*

1. For areas correctly shown as FOREST on the classification using the
best 4 channels, the ERTS 4-channel classification showed small to
moderete amounts of TALUS and WATER, whereas the RBV 3-channel
classificabtion showed greater smounts.

2. 1In places, both ERTS classifications showed considerably more BOGS
than are present i1n areas that were correctly classified by the
best 4 channels.

3. Slightly poorer classification of water was performed in the ERTS
classification. However, few of the bodies or areas of water in
the test area are of sufficient size to serve as good training
areas, 8o we do not view this part of the classification as & good
test of the ability of the ERIES data chanmnels to permit auvtomatic
identification of watex.

We wish to point cut that these are not complete simulations of the
ERTS data channels, but are only first approximations, because we have
not attempted to simulate 1) the poorer resolution of the satellite
sensors duwe to vast difference in scale, 2) the effects of atmospheric
attenuation, or 3) the broader wavelength bands of most of the ERTS
sensors (see table 2}, Studies underway at the University of Michigan
are aimed at more closely simulating the actual wavelength bands of the
ERTS sensors
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We further emphasize that all of the experiments, including the
gimulations, are based on only one set of data along 6 mi1les of traverse.
However, tg? fact that these data were not gathered under optimum
conditions=" means that the accuracy of detection and the number of

2/ The data were gathered at about 2 p.m., September 19, 1967, along
a nearly east-west traverse at about 6,000 feet sbove mean terrain
elevation, No appreciable rain had fallen for several weeks; therefore
the ground was very dry. To minimize shadows and 1llumination-angle
variations, it would have been hetter to fly at midday along traverses
directly towsrd or away from the sun's nadar {roughly northesouth) .
Filights at higher elevations above terrain would also reduce in reduction
of varietions 1n illuminationeangle and scale; however, there probably is
some altatude (not yet determined) above which the advantages gained
in more-uniforn i1llumination angle and gsemle might tend to be eanceled by
the adverse effects of the thicker column of atmosphere between the ground
and the sensors. Flights made shortly after a rsin would have been better
to emphasize or detect differences in soils on the basis of their porosity
and permeability as menifested by relative content of moisture, Flights
earlier in the summer would have been better to emphasize differences in
vegetation and, probably, in soil moisture,

detectable terrain categories are apt to inerease for data gathered under
conditions closer to optimum,

The results of these limited experiments on a single set of data,
taken together with the vast store of accumulated data from studies of
agricultural erops, demonstrate clearly that multispectral terrsain
analysis can separate a wide variety of categories encompassing & broad
range of spectral radiance, and that the data channels selected for ERTS
are likely to be about as successful for terrain snalysis as any other
combination of channels that might have been selected.

APPLICATION

In spite of how well the computer wes able to classify and map this
test area, sn experienced interpreter could have done as well or better
with stereopairs of color and color infrared aerial photographs, for
(among other things) he has the ability to distinguish objects on the
basis of gpatial in addition to spectral patterns.,

For several years now there have been discussiong and expressions
of concern about the need to examine vast aress of the earth's surface,
the desirability of satellite~borne remote sensors to gather the needed
data, and at the same time concern for the appellingly vast quantity of
data that are needed and that would become available from satellites.
Handling these data will require automatic processing by computer--not
to make the final and only decisione of classification, but to perform
the first rough culling and reconnaissance interpreting, calling
attention to special places that warrant examination by a human interpreter,
For, although in general & human can do a better job of interpreting, the
computer can do it much faster, It's simply & matter of data compression,
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It 1s with this need in mind that we have engaged in this study of
avtomatic data processing by computer, that includes:

1. Testing the suitability of existing sensors and computer software,

2. Determining how many and what kinds of natural and manmade terrain
elements can be satisfactorily classified in this partieular
climatic region,

3. Simulating the spectral response of the proposed ERTS sensors.

The existing scanners of the University of Michigan are basically
well suited for these studies. Satellite application will, of course,
require miniaturization, including combining the present three separate
Scanner aystems into one that covers the range 0.4-1k ¢4m or more

The existing capabilities of classification programs developed at
TARS-Purdue are equally well smited for these studies of automatic data
processing. Their programs were established for agricultural purposes to
work with the University of Michigan multispectral scanner data. Our
pregent studies principally involve an extension of their work into
another kind of terrain--one that presents something other than row crops
in flat fields.

A11 four of the experiments (three of which are digplayed in f£ig. 9)
produced good results. They are good classifications. We don't wish to
set any specific 1imits on how good "good' 1s. Obviously some are better
than others, and none is perfect--but neither 1s the manmade control
map. We are convinced, however, that all can be considered as more than
adequate for the reconnaissance first-approximation kind of interpreting
and mapping which we expect to accomplish with the satellite data,

If we examine the spectral range spanned for each of the displays
(table 2 and f1g. 16), we see that they vary by a factor of nearly 50
from 0.28 4m for the 3-camera ERTS system to 13 34« m for the thermal
overlay classification. This implies that, for a broad range of terrain
categories, many combinations of 3 or 4 channels of date in the O.M-lh/xm
range would be satisfactory. More complete simulations, in which the
effects of the atmosphere are considered, undoubtedly will reguire
identification as to what channels would be more suitablie, ¥For example,
the haze penetration ability of some reflective infrared channels,
mentioned earlier, 1s an obvious advantage for satellite spplications,
whereas the blue part of the speectrum 1s apt to have low signal-to-noise
ratio and therefore be of limted use except for oceanography. We need
worry about careful selection of specific wavelength bands only if a
specific category 1s being sought. Inasmuch as the ERTS program 1s aimed
at covering meny scientific disciplines and user groups--hence involving
many terrain categories--the highly specific requirements are not now
pertinent to tests of the suxtability of the proposed satellite sensors.

We believe that the concept rather thar the specific i1mmediate results
of these gtudies, 1s the most important product. Admittedly it i1s not
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really important to find that talus oceurs on the shore of & lake here
or that a narrow bog lies there--we already know most of that for this
particular area. The important point 1s that eight or more widely
different terrain units could be accurately mapped autometieally. For
the moment it doesn't rezally matier what the units are or where they
occur--they could as easily have been orchards, barns, landing strips,
munieipal parks surrcounded by streets and buildings, beaches, polluted
or clean water, marchland, etc,

In fact, we believe that these particular msaps (fig. 9) are over-
classified in comparison wirth what we will want 1o attempt from space--
at least for our first attempts, It may well suffice to map out such
features as WATER, VEGETATION, BARE SO0IL, and ROCKS, and to interpret
other things, such as geologic structure, from the resulting patterns
and their relstion to topography.

Especially sagnificant applicetions in geology and other fields will
be for those features that are time-dependent--changing with the seasons
or with a few years® time., Once an area has been mapped by computer, the
areas of change can be periodically mapped automstically in terms of
materisl, location, and the amount of area changed.

We suggest that economically feasible geologic spplications will
include those that contribute to regiconel mepping, engineering geology,
hydrology, and volcanology, Other spplicetions may be in the fields of
agriculture, certography, land-use and land-management studies, =nd in
still other fields in which seasonal and other changes are more rapid
than 1n moat pgeologic applications, Tn many fields, thesge data will
beccome more useful by combining them with other (nonspectral) datge-
for example, the engineering or military application to trafficadbility
studiesw=~by combining these terrain data with slope (from radar images
or topographic maps),

The fact that we are sensing surface material emphasizes the need
for multidisciplinary approach to terrsin mapping because the surface
involves the complex interplay of at least bedrock and surficial geology,
hydrology, soils, vegetation, and meteorology. Traditionally, in mapping
meny regions of the earth, we interpret the geology secondarily from the
patterns of other materials and features.

We hope thal, in the preceding reviews of the steps involved in
acquiring and processing the data, other workers can see in the results
some spplications to their own fields of interest,

COST STATEMERT

The cost of computer time and for digitizing of analog data was about
$7,400., The cost of the entire multispectral survey, of which the present
test site is & small part, was sbout $26,000, Salaries of research
personnel are not Iincluded in these cost estimates, In view of the fact
that these studies are research- and development~oriented, it is
impractical to attempt to establish costs for man-hours involved. Years
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of work and research are represented in the developing and continual
refining of the scanner systems used in gathering the data and the computer
programs used in processing the data,

Now that the geologists and the computer specialisis have experience
in working together as a team, with thils kind of data, it is likely that
the costs would be somewhat less for such a study of similar terrain,
el sevhere.
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used by University of Michigan in gathering data for this study.
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Figure 3-2.- Gray-scale video display of reflectance from
channel 9 (0.62-.66 uym). Area is same as shown in eastern
parts of figures T and 9. Enlarged from data generated by
the Institute of Science and Technology, University of
Michigan.
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Figure 3-3.- Ten-level gray-scale digital computer display of reflectance from channel 9
(0.62-.66 um), as obtained by LARS-Purdue. Area shown is bottom (south) half of that
shown in figure 2.
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two standard deviations long, centered about the mean radiance, is drawn

using alphanumeric symbols.
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Figure 3-6.

Index map of test area.




Figure 3-T7.- Aerial photograph of test area.

Tick marks

area shown on figure 2=9.

indicate approximate limits of
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Figure 3-8.-

Panorama of test area, looking west. Yellowstone River is near right edge,
Crescent Hill is at the left edge.
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Figure 3-9.- Photograph of part of hand-
colored computer printout of terrain
maps, north-central Yellowstone Park.
Area is same as shown between tick
marks on figure T.

Left display: based on the computer-
selected best set of four data channels.

Middle display: based on the simulation
of the ERTS RBV camera data channels.

Right display: based on the overlay of
data from the reflective and the infrared
scanner systems. Because the scan

angle of the thermal scanner was much
narrower then that of the reflective,
this display covers only the middle

strip of those shown to the left of it.
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Figure 3-10.- Bedrock exposures. Volecanic
tuff breccia is shown in upper photograph,
basalt lava flows in lower.
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Figure 3-11.- Talus of rhyolite tuff near
Floating Island Lake. Crescent Hill is in
the background.

Figure 3-12.- Blocks of rhyolite tuff in talus,
showing contrast between fresh surfaces (be-
low hammer head) and surfaces coated with
dark lichens.
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Figure 3-13.- Vegetated rock rubble. These are mix-
tures of angular blocks of basalt (top photograph),
bedrock slabs and blocks of gneiss (foreground of
lower photograph), 1lichens, soil, dry grass, sage-
brush, weeds, evergreen seedlings, and twigs.




Figure 3-1b.- Glacial kame, showing grass, mineral soil, weeds,
dead vegetation, elk manure (top photograph), and sagebrush
debris (bottom photograph).
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Figure 3-15.- Glacial till, show-
ing sand, rock chips, and boulders
in mineral soil, grass, sage-
brush, weeds, and twigs. Wild
range in texture is shown, from
fine grained (top) to coarse
grained (bottom).
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Figure 3-16.- Comparison of wavelength bands used in this computer study.
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Figure 3-17.- Segment of terrain map obtained by using computer-selected best
set of four channels of reflective data. Symbols used to designate the ter-
rain units are:
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Figure 3-18.- Segment of terrain map obtained by using simulations of ERTS
L-channel scanner data. Symbols used to designate the terrain units are:
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Figure 3-19.- Segment of terrain map obtained by using simulations of ERTS
3-RBV camera data. Symbols used to designate the terrain units are:
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3-20.- Segment of terrain map obtained by combining one thermal infrared and three re-

Symbols used to designate the terrain units are:

/

glacial till
forest
bog

H
(blank)

shadows
thresholded

LE=E




Geology

SECTIGN;M ﬁ\
GEOLOGIC ANALYSTS OF THE X-RAND RADAR
MOSAICS OF MASSACHUSETTS*
by
Lincoln R. Page

U. S. Geological Survey N 7 1 oo 1 9 2 :; 5:
ABSTRACT ‘ i

The X-band radar mosaic of Massachusetts, at a scale of 1:500,000
made by the Grumman Aircraft Engineering Corporation under contract
for the U. S. Geological Survey in cooperation with the U, S. Armv and
National Aeronautics and Space Administration, presents an overall
view of the geologic and geographic features of the state.

Lineament patterns allow recognition of major structural features
that can be related by geologists familiar with local areas "to faults,
joints, folds, and stratigraphy of the bedrock and drumlins, fans, and
channels of Pleistocene deposits.

More refinement of the method is needed to obtain uniform quality
of Imagery, correctness of scale, and appropriate orientation of flight
lines for maximum use in unknown terrain.

INTRODUCTION

The X-band radar mosaics of Massachusetts have been analyzed in
part and used by several persons in the cooperative geologic mapping
projects of the State of Massachusetts and the U. S. Geological Survey.
The topographic lineaments emphasized on the radar mosaics have been
related to the geology of the areas in which the individuals currently
are, or have been, working. The purpose of this paper is to report
on some of the results that have been obtained by them in interpreting
the geology on the basis of their analysis of the X-band data.

Both an east-looking and a west-looking mosaic were made in 1968
by the Grumman Aircraft Engineering Corporation with the cooperation
of the U. S. Army for the U. S. Geological Survey as a project under
the National Aeronautics and Space Administration (NASA) program.
They were assembled by Hans Behm of Grumman under the direction of
William Coulborne (figs. 1 and 2). Later the radar film was sent
to the Autometric Operation of the Raytheon Company where it was
enlarged 2 times on a Log=E=Tonic printer and assembled into two
mosaics which have a much better tonal match between strips but are
less sharp (figs. 3 and 4). Prints of these mosaics were made available
for sale to the public through the U. S. Geological Survey.

*Publication authorized by the Director, U. S. Geological Survey.
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Maurice Pease, Jr. analyzed the lineaments of the entire state
(figs. 5 and 6). The south-central part of Massachusetts and north-
central Connecticut was studied in detail by Maurice Pease, Jr. and
John Peper (figs. 7, 8 and 9) and the western part of Massachusetts
was interpreted by David Harwood with the assistance of Norman Hatch

(fig. 10).

a4

Robert Schnabel used the mosaics for interpretation of structures
in central Massachusetts west of the Connecticut River and related
them to aeromagnetic surveys (fig. 11). Donald Alvord, Kenneth Bell,
and Richard Volckmann contributed data on areas in eastern Massachusetts.
Carl Koteff, Fred Pessl, Jr., and J. Philip Schafer analyzed the mosaics
for data relating to Pleistocene materials and drainage systems.

We are deeply indebted to the personnel of Grumman Aircraft
Engineering Corporation for their extreme interest and cooperation in

this project.

Procedure

Planning for this project was carried out on July 1, 1968, and
nine missions were flown in July and August with a Motorola AN/APS
Ol system in a Grumman-built OV-1B Mohawk aireraft with on-board
processing of the radar film, The imagery, however, was not of a
desired quality so changes were made to laboratory controlled
printing of the film. Data gathering missions were then flown
from September 13 to October 1. The planned nineteen lines were
flown to obtain overlapping coverage; however, it eventually took
27 flight lines to produce the mosaics. Seven of the missions were
flown from Long Island and one, a double mission, required a re-
fueling stop in Massachusetts. Commonly four lines were flown on
a four hour mission at nominal aireraft speed of 180 knots and a
normal flight altitude of 8,000 feet. This covered a 25 kilometer
swath imaged in both directions. The flights were flown along the
north-northeast structural trend of the Berkshires parallel to the
western border of the state. Later additional missions were flown
using stabilized antennae which produced the imagery shown in figure
T. The original imagery was at a scale of 1:500,000. As can be
seen in figures 1 and 2, there was much tonal contrast between the
flight strips and considerable striping resulting from antennae
instability. All flying had to be done on clear days because it
was necessary to have visual navigation to fly straight, drift-
free paths over the target areas for best results. Calm weather is
also desirable because turbulence degrades the imagery. Stabilized
antennae that were used later appear to, in part, overcome this
difficulty. The original contract from Grumman called for a single
mosaic; however, because of the initiative and interest of those
working on the project at Grumman, mosaics of both east and west-
locking radar were made.




Results and Discussion

The main value of a radar mosaic is that it provides a clear
picture over a broad area of the topographic lineaments resulting
from deposition of materials or erosion along bedding planes,
fracture zones, faults, and other bedrock structures. Superimposed
on these main bedrock lineaments of Massachusetts are finer grained
lineaments resulting from the deposition of materials formed in
Pleistocene time by moving ice of meltwater streams.

In order to get maximum information from the radar mosaics, it
is necessary to turn the radar map so that one looks down the
structureg, or along the lineaments, at a vertical angle of approxi-
mately 30 . Many of the lineaments are less noticeable when viewed
directly downward. The detail of lineaments on the radar mosaics
could be matched by appropriate aerial photography, but in general
a mosaic of existing photographs is not as useful for geologzic
purposes. Figure 12 shows an aerial photomosaic of southeastern
New England made by the Army Map Service for NASA at the same scale
as the radar mosaics (figs. 1 and 2).

The geologist familiar with the geology of an individual area
can sort the lineaments into groups, based on characteristic patterns
and trends, and can recognize those formed parallel to bedding, those
which follow fractures, those which represent Pleistocene deposits,
and so forth. However, there are numerous lineaments on the
Massachusetts radar mosaic for which we have no satisfactory explanation
at this time and they require observation on the ground before they
can be discussed.

Newly recognized features shown on the mosaic include a series of
northwest-trending lineaments in the Berkshire area and in the area
north of the corner of Rhode Island, Connecticut, and Massachusetts.
Another distinctive feature is a large area just west of this corner
where very pronounced lineaments with a north-south trend are abruptly
truncated on the north and south by a lineament trending northeast.
These truncations are probably extensions of faults that have been
recognized farther east in Massachusetts.

Maurice Pease, Jr., has made an incomplete analysis of the
Massachusetts mosaics and has traced various lineaments on both
the east- and west-looking views (figs. 5 and 6). He has attempted
to be objective and these are his work sheets. By contrasting
figures 5 and 6 it is possible to see those lineaments which are
accentuated or subdued depending on look direction; many are visible
on only one mosaic. As can be seen from these figures, there are
innumerable lineaments with all directions of trend, but within any




one area there are recognizable patterns., More interpretive results
may be obtained by connecting many of the lines with a resulting
separation of areas of lineaments parallel to bedding or layering
surrounded, or bounded in part, by lineaments formed by faults and
fracture zones. Such analyses have been done for the specific areas
described below.

Figure 10 shows an area in western Massachusetts where David
Harwood and Norman Hatch have been able to delineate the boundary of 4
Precambrian and Paleozoic rocks. This figure is essentially a
simplified and crude geologic map in which the curved lines outline
areas of remarkably different radar reflectivity and topographic
relief, The short lineaments conform in general to the trend of
the different rock units as mapped by the geologists and the darker
lines show lineaments that appear to cross and locally offset the
trend of known lithologic units. The western part of the area is a
flat valley floor with featureless topography and the uniformly dull
gray radar reflection is caused by the underlying carbonate rocks of
Cambrian and Ordovician age. Patches of non-carbonate rock stand
out well in the floor of the valley. These rocks represent a
striking contrast to the Precambrian rocks to the east and the Taconic
rocks to the west.

In parts of the area thin lithologic units can be recognized
by thin, but very bright reflections. This is shown on the southwest
slope of Beartown Mountain by the step=-like bright and dull reflec-
tions on the east-looking mosaic. The pronounced northwest grain
in the Precambrian rocks and their northwestern termination by
enlarged lobate fold noses are strikingly shown around Beartown
Mountain and to the east northeast. Also, the difference
in trend of the Precambrian and Paleozoic rocks to the east is
clearly shown, but the unconformity between the two groups of rocks
is not clearly visible, It is marked by the dark curved north-south
trending boundary on figure 10.

A fairly accurate map of this region can be made from a composite
of the east- and west-looking radar mosaic. If either east- or west-
looking mosaics are used separately, the lee side of more rugged
topography is lost in the shadow. In the same way, those lineaments
that trend parallel to the flight line and thus perpendicular to
the radar beam are enhanced, while the lineaments parallel to the -
radar beam are reduced in intensity.

A compilation of aeromagnetic data of the Geological Survey
for the same general area was made by Robert Schnabel (fig. 11).
The different levels of intensity have been shaded and it is
interesting to note that the patterns produced are not unlike the
lineament patterns on the radar mosaic.



After the two state mosaics had been compiled, an additional
mission was flown by Grumman of an area in central Massachusetts
and Connecticut east of the Connecticut River valley using stabilized
antennae (fig. 7). Using two strips as a pseudo-stereo pair, Maurice
Pease, Jr., developed figure 8, which shows recognizable lineaments
and separates them as to type. John Peper analyzed a portion of this
area, the Hampden-Monson area which he had mapped (fig. 9a) as a
doctoral thesis (1). He made another map (fig. 9b) showing fault or
fracture lineaments recognized from the radar data. This appears to
explain some of the curves in the contacts of the earlier map and
suggests areas most favorable for field checking.

Conclusions

The side looking radar mosaics of Massachusetts (figs. 1 and 2),
when compared to the geologic map (fig. 13) of Emerson (2) and to more
recent geologic maps which have been published, indicate that the mosaics
have great usefulness in enabling geologists to better understand the
structure in the area. If the radar maps had been available at the
start of the current mapping program, it would have been possible to
select the best areas to start structural studies and perhaps a great
deal of time and money would have been saved simply by directing the
work into the areas where the most critical problems exist. Without
this information, mapping was started at numerous places and as yet
has not progressed sufficiently to get the overall picture, The radar
maps are currently aiding the understanding and tying together of local
areas with the overall geologic picture. They indicate many of the
complex units and patterns on the geological maps are best explained
on the basis of fault rather than fold patterns.

Our limited analysis of the X-band radar mosaics has pointed out
several problems related to side looking radar that need more research.
The scale should be more accurate for mapping purposes, more knowledge
is needed concerning the cause of variations in reflectivity, and we
need to learn how to recognize lineaments at right angles to the flight
lines before this technique will have its maximum usefulness in unknown
areas such as Africa, South America, and Alaska. There needs to be much
more research on the relation of reflectivity of the various types of
rock units to learn what is causing the apparent tonal differences that
seem to be related to rock rather than to any particular type of vegeta-
tion. In many parts of Alaska and elsewhere it is going to be impossible
to make a systematic survey with radar and have the flight lines parallel
to the structure because the structure is relatively unknown and of
variable trend. One excellent advantage of radar is its ability to
scan through areas which normally have adverse weather conditions such
as heavy cloud cover or haze, but to do this more research is needed on
the appropriate navigational systems to be used.
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With good radar maps available the geologist could use his inter-
pretation of lineaments and overall ground knowledge of the geology to
select areas most favorable to prospect for metals or oil or to
designate areas needing ground mapping. This use of radar will be
very important when more experience has been obtained and technigues
have been perfected.
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Figure L4-2.- Side looking radar mosaic of Massachusetts (west looking, uncontrolled = raw
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Figure L-5.- Lineaments traced from side looking radar mosaic of Massachusetts 1
(east loocking). e
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Figure 4-6.- Lineaments traced from side loocking radar mosaic of Massachusetts
(west locking).
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Figure 4-7,- SLAR imagery - central Massachusetts and Connecticut.




L1k

72°00°

— Proboble bedding ond foligtion

— Lineament clearly crosscutting
probable bedding and
foliation

ot ¥ J &

42°30

e
e
L“ I0 i 0
[— - ——! —]
41°37°30°
72.37'30"

Figure L-8.- Lineaments from SLAR imagery - central Massachusetts

and Connecticut.




i 4
] K
I -.
il: gy
':: :?
:‘: ‘A g\c
R HE I‘%
& i Migisas AW £ Mass.
.".'.: : " Conn_ 3 ' Conn.
7k DE iy
7 /a® o 1
f 5 : kD
H . 'a
(P
DJ ? /
v : 1 >
[/ of A
| M
5/ Miles 10 O Mi. 6
o [ I | —
a. Geologic map of south-central P. Reinterpretation of geologic
map using SLAR imagery.

part of Massachusetts and
north-central Connecticut.

Figure 4-9.- Massachusetts/Connecticut maps.

ST~4




e o

i

e

M&am-mw,w

mesaic of wastern Mamachusetfs

Scale 1:500 600

Linsomests From cast side losking radar

motaie of wastern Massashusahls

Scale 1:500, 800

Figure L4-10.- Lineaments interpreted from two side looking radar

mosaics of western Massachusetts (east looking and west looking).



AEROMAGNETIC MAP OF
WESTERN MASSACHUSETTS

el 3 Y wirLes S

‘Figure U4-11,- Aeromagnetic map of western Massachusetts.




A® | «‘mw'f_m . % ‘ R
e o A N,

Figure L4-12.- Aerial photomosaic of south-eastern New England.

8T-




LHLAT RS LR VR
MASSACHUSETTS
\xy

RUODE ISLAND

= W = - s m = =
¥ “mm -] ' =0 /
-
o sy l - - » I -
- - = i
- - ! - - - . o -
e = N - i i
- - ! I .
m = W= - } L] - s
. - et - = Lol . . m W
“ oo m omom W
- f e
- . - I ol ‘\-
- ) -, = T \ x
Pl W - = k
L e - 'u .

!
- M
L)

Figure 4-13.- Geologic map of Massachusetts and Rhode Island.

6T




Geology

SECTION 5
THERMAL INFRARED INVESTIGATIONS,
MILL CREEK AREA, OKLAHOMA

By L C Rowan, T W O0ff1eid, Kenneth Watson, R D Watson
U S Geological Survey, Denver, Colorado

and ~
P J Cannon N?i _19
U § Geological Survey, Flagstaff, Arizona "
ABSTRACT

Thermal-infrared 1mages obtained on flights over the Tishomingo
anticline and South Flank near Mi11 Creek 1n the Arbuckle Mountains,
Oklahoma, were used to study the possibility of 1dentifying some
common rock types from their diagnostic reflection and emission
characteristics, and to evaluate the usefulness of infrared 1mages
n structural geologic investigations The areas fiewn are under-
lain by folded and faulted Paleozoic dolomite, 1imestone, sandstone,
shale, and Precambrian granite

Images were obtained at 6 00 am , 1100 am , and 2 00 p m
The predawn (6 00 a m ) 1mage 1s the most useful n distinguishing
rock types Of particular interest 15 a thermal contrast of dolomite
(warm)} and Timestone (cool), sufficient to distinguish those rock
types and to reveal facies changes between them Theoretical con-
s1derations ndicate that this thermal contrast arises from a combi-
nation of albedo and thermal-inertia characteristics distinctive of
dolomites and 1imestones 1n many areas

The daytime 1mages display much stratigraphic and structural
deta1l Small-scale bedding deta1l 15 enhanced in the morning Images
of Tow-relief areas, and contrasts of alternating formations that form
hogbacks and valleys are enhanced in the afternoon images of higher
relief areas The difference 1n features displayed 1n morning and
afternoon 1mages appears to be a function of the insolation on sunward
and shadowed slopes of differing scale Fault or fracture zones are
best displayed 1n the predawn 1mage, they appear cooler than surround-
1ng ground, because of greater water content and concomitant evapora-
tion  The abundance and throughgoing nature of lineaments (which
coincide for the most part with joint systems) are more obvious 1n
the infrared 1mages than in aerial photographs Lineaments striking
northwest are preferentially enhanced in the morning images and
T1neaments striking northeast are preferentially shown 1n the after-

258
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noon 1mages  This enhancement cannot be ascribed to the effects
of topography, 1nsolation, or wind, 1t may relate to a combination
of ground-water and vegetation effects

INTRODUCTION

As part of the U S Geological Survey's Remote Sensor Application
Studies program, infrared 1mages (8-14u) were obtained on reconnaissance
flights over two areas 1n the Arbuckle Mountains near Mill Creek, Okla-
homa (Fig Ta) These data were used 1n a preliminary 1nvestigation
(1) to determine the diagnostic reflection and emission characteristics
of various rock” types, and (2) to evaluate the usefulness of 1nfrared
mmages 1n structural geologic i1nvestigations In the evaluation of
1mage character and quality, the effects of such features as rock
texture, surface reflectivity, topography, and atmospheric conditions
were examined These test areas provide good exposures of several
mineralogically simple rock types 1n different structural and topo-
graphic settings Prelimnary analysis of the reconnaissance data
has yi1elded considerable 1nsight into the numerous factors affecting
the reflection and emission characteristics of rocks

The data were acguired on December 19-20, 1968, by 1nstruments
aboard the NASA Earth Resources Program Convair 240A aircraft The
flights were part of NASA Mission 84, under NASA contract 160-75-01-43-10

GEOLOGY

The areas studied are jocated on the south flank of the Arbuckle
Mountains uplift in south-central Oklahoma  Rocks of i1nterest 1n
these areas range 1n age from Precambrian to Pennsylvanian, they were
folded and faulted when the uplift formed 1n Pennsylvanian time The
generalized geology of the areas 1s shown 1n figureslb and ¢

The two areas are 1n different physiographic and structural
provinces separated by the Washita River The Tishomingo anticline
area, east of the river, consists of cently rolling hi1lls where the
relative relief 1s approximately 100 feet and 15 underlain by gently
dipping beds It was selected for study because differences 1n rock
type dominate the infrared 1mages, and the effects of topography and
structure are subordinate The South Flank area, west of the river,
1s underlain partly by the same rock units as well as formations
higher 1n the geologic coTumn which are distinguished by their greater
topographic relief of approximately 200 feet Topographic effects 1n
much of the South Flank area dominate the 1mages, differences 1n rock

type are not conspicuous

Rock uni1ts of principal 1nterest are the abundant, relatively
pure dolomites, Timestones, and sandstones in the Cambrian and Ordovician

section, and Precambrian biotite granite exposed in the core of the



Tishomingo anticline  Other rock types in the areas, but not con-
s1dered 1n the present study, include shale, chert, arkose, granitic
gne1ss and quartz conglomerates, and transitional types such as dolo-
mitic Timestone, argillaceous Timestone, and sandy dolomite In the
South Flank area, the topographic effects of interest reflect differ-
ences 1n strata ranging in age from Cambrian to Pennsylvanian

Cambrian and Ordovician stratigraphic relations 1n the southern
Arbuckle Mountains are complex (Ham, 1950), and only those relations
pertinent to the analysis of the remote sensing data w11l be mentioned
here Figure 2 shows the Precambrian, Cambrian, and Ordovician geo-
logic section of the Tishomingo anticline area Some of the strati-
graphic units are difficult to recognize not only on photographs and
images but in the field as well, because the boundaries were defined
mainly on faunal data It 1s possible, however, to distinguish certain
rock types 1n the photographs and images, and where these rock types
characterize geologic map units, stratigraphic determinations can be
made through remote sensing techniques

Cambrian dolomites comprise a thick sequence 1n the Tishomingo
anticline area (Fig 2) The Royer Dolomite, which forms the largest
part of this sequence, shows only minor variations in 1ts outcrop
characteristics, 1t 15 dark to very dark gray and has highly pitted
ledges or castellated pedestals The Honey Creek Formation is com-
posed of sandy dolomite which commoniy forms boulders or rounded ped-
estals, the Butterly 1s composed of doliomitic Timestone and 1s some-
what more thinly bedded and Tighter in color than the purer dolomites
The dolomite of the Fort Si11 Formation 1s similar in color and texture
to the Royer, but show a facies change to limestone

Limestone exposures are abundant 1n the Middle and Upper
Ordovician units of the South Flank area, but are sparse 1n the Tishomingo
anticline area except in the Upper Cambrian and Lower Ordovician units
(Fig 2) The lmmestone of the Tishomingo anticline area 1s commonly
relatively impure, with argillaceous material, chert, and dolomite
comprising the main impurities, 1n places, thin sandstone beds occuyr
In both areas most of the Timestone 1s 11ght gray te Tight bluish gray
and forms rubbly, platy outcrops, however, a massive, moderately dark
gray Timestone marks the top of the Bromide Formation, and some dark
gray limestone 1s present 1n the McKenzie H111 Formation

In the Tishomingo anticline area both dolomite and Timestone form
flat to gently rolling prairies bearing a sparse growth of grass, but in

the South Flank area the steeply dipping beds of 1imestone form hogbacks
between valleys underlain by shale
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In contrast to the Timestone and dolomite of the Tishomingo
anticl1ne area, the sandstones of the Reagan Sandstone and of the
Simpson Group and the Tishomingo Granite are tree covered, and 50 to
75 percent of their outcrop surfaces are coated by 1i1chen and moss
Prominent Tineaments and somewhat greater topographic expression dis-
tinguish granite outcrops from sandstone outcrops

The two areas cover parts of major anticlines which trend west-
northwest and dominate the structural pattern of the region 1In the
Tishomingo anticline area, poorly developed fracture systems which show
well only on infrared 1mages are parallel to the majgor anticline axis
and to cross faults noted on the geologic map (Fig 1b) In the South
Flank area, fracture systems are well developed parallel and perpendicu-
Tar to the axis of the Arbuckle anticiine and are associated with cross
folds and cross faults which distort the south flank of the anticline

ANALYSIS OF INFRARED IMAGES

Infrared (8-14 microns) 1mages were obtained at 11 00 am , 2 00

pm, and 6 00 am 1n the Tishomingo anticline and South Flank areas
1n order to relate surface temperatures to the diurnal heating cycle

The 1maging system used, Reconofax IV (HRB Singer RX-IV), has an
instantaneous field of view of 3 milliradians and an angular scanning
width of 120° perpendicular to the Tlight path The flight altitude
was 5,000 feet above mean ground surface, tdentification resolution
1s estimated to be 30 feet near the nadir The thermal resolution of
the Reconofax IV system 1s 0 25°C

The principal difficulties 1n analyzing the 1mages arise from
calibration problems and 1mage geometry distortions  External calibra-
t1on of the 1mages 1s complicated both by an apparent Timited dynamic
range 1h the film-recorded images and by lack of 1nternal drift correc-
tion  For example, the temperatures of the north and south lakes at
the M111 Creek sand quarry as obtatned with a Barnes radiometer show
differences of 4° to 5° at the time of the 11 00 a m overflight on
December 19 and the 6 00 a m overflight on December 20 Yet no
apparent difference 1n the radiative flux from the two lakes 1s de-
tectable on the 1mages This lack of sensitivity due to 11mted
dynamic range can be rectified by recording future data on magnetic
tape and at a variety of gain settings to take advantage of the full
randge of smali variations 1n infrared intensity The geometric dis-
tortions on the edges of the images reduce the useful width of the
1mage which can be analyzed, this problem can be alleviated by obtain-
ing flights with large side lap

Ti1shomingo Anticline Area

The part of the Tishomingo anticiine area that was selected for
detailed analysis lies south and southwest of the town of Mi11 Creek
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(Figs 1b and 3) Although the stratigraphic sequence detailed 1n

Figure 1 can be fully recognized 1n the field, some of the formations are,
as previously mentioned, difficult to delineate on photographs and 1mages
In particular, the Honey Creek Formation 1s difficult to distinguish from
the overlying Fort S111 Limestone, and the Butterly Dolomite 1s 1n
transitional contact with limestones of the McKenzie H111 Formation

above and the Royer Dolomite below

Shown 1n Figure 3 are the major rock-type variations 1n part of the
Tishomingo anticline area, from east to west the sequence 1s from oldest

to youngest rocks as shown 1in Figure 2 Formations in the area of the
black-and-white photomosaic (Fi1g 3) are the Tishomingo, the Reagan, the
alternating dolomites and Timestones of the Honey Creek and Fort Si11,
the Royer and Butterly, and limestones of the Butterly and the McKenzie
H111  Also 1n the area shown on the photomosaic are Timestones of the
upper formationsof the Arbuckle Group, but these rocks were not 1maged
by the Reconofax IV system, equivalent rocks are covered by infrared
data of the South Flank area but have not yet been examined 1n the field
for comparative purpose It must be emphasized that although 1dentifi-
cation of the granite 1s not difficult on the photomosaic, differen-
tiation of the Timestone and doTomite 1s either very difficult or im-
possab1§ even after considerable famliarity with the area has been
attaine

0f the three times during which the infrared 1mages were obtained,
the predawn (6 00 a m ) 1mages appear to be most useful 1n distinguish-
1ng rock types, particularly Timestone and dolomite Shown 1n Figure 4
are the predawn and the two daytime infrared images of the south-south-
western part of the Tishomingo area Most striking 1s the predawn 1mage
(F1g 4a) which shows an anomalously bright (warm)} area near the center
of the 1mage The rocks of this area are mainly dolomite and biotite
granite, whereas the adjacent, relatively dark area (cool) 15 underlain
chiefly by Timestone in the Fort S111 and McKenzie H111 Formations
Considerable detall can be discerned 1n these areas  For example,
sedimentary layering in the Timestone 1s conspicuous as alternating
11ght and dark tones, 1t 1s less obvious in the dolomite except where
dolTomite and 11mestone alternate 1n the Fort $S111 Limestone At point
A 1n Figure 4a, dolomte changes to Timestone through a facies transition
or a fault as shown by Ham (1950, p1 2) 1in the Fort S111, an observation
of considerable geologic significance This transition 1s clearly
defined on the 1mage by the thermal contrast of the dolomite and the
Timestone along strike This type of warm-cool contrast should not be
confused with other prominent dark areas which are stream channels,
particularly 1n the dolomites, and in areas of dense foliage, such as
the areas underlain by the Reagan Sandstone and the Tishomingo Granite
The distinction between 1imestone and dolomite by radiometric character
1s stmlar to the distinction between sandstone and siltstone noted by
Sabins (1967) and between various other rock types by Friedman (1968)
Stratigraphic units have been distinguished elsewhere by radiometric
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differences, but these differences are generally ascribed to vegetative
cover on different rock types rather than to nherent *rock properties
(e g , Lattman, 1963)

In order to evaluate the radiometric differences between the
11mestone and doTomite, film-density measurements of the nighttime
1mage were made using a Joyce-Loebl recording microdensitometer Figure
5 shows one of the density profiles prepared (11ne F-F', Fig 4a)
Although there 1s considerable variation i1n film density within the
Timestone and the doTomte areas, 1t 15 clear that the dolomite has
characteristically {up to 15 percent) Tower fi1lm density and therefore
higher total emission Noiable features on the profile are a small pond
and the high frequency and large ampiitude of film-density variations
1n areas of relatively dense foliage and small, cool stream channels
Although the granite is not included in this particular density profile,
1t also shows a film density approximately equivalent to the doTomites
but with higher amplitude film-density variations 1ndicating targer total
emission contrast

Within the Timestone and the dolomite sequences are relatively dark
(cool) areas on the predawn 1mage (Fig 4a) Most of these correspond
to drainage channels 1n a dendritic pattern or to areas of dense foliage
(point B, F1g 4a) In the south-central part of this 1mage, however,
are several prominent 1ntersecting dark bands Three of these 1indicated
by C, D, and E on Figure 4a, are strikingly linear and were examined 1n
the field, on the topographic map (Fig 6), and on all available photo-
graphs These are saturated with ground water and are fracture or fault
zones, significantly, they are not everywhere topographically lower than
the surrounding terrain, and are not readily detectable on conventional
photographs  For example, 1n Figure 6 the northwest-trending feature
1s a topographic depression northwest of point C, but transects
topographic highs southeast of point C  Of the twoe north-trending
fracture zones (points D and E, F1g 4a), only the one with the two ponds
(E) occupies a topographic low for a significant distance along 1ts
trend, the other band transects the east side of a rounded h111 (Fig 6)
for most of 1ts extent

Because water saturates these fracture zones, the most adequate
explanation for the relatively low emission appears to be that these
areas have cooled by evaporation This explanation may also be
sufficient to explain the low emission in the drainage channels
Settltng of cold air 1n the topographic lows also contributes to
heat loss in these areas

The daytime infrared images of the Tishomingo anticline area
show, 1n some places, excellent definition of sedimentary layering and
fracture zones (Fig 4b and 4¢) On the 11 00 a m 1mage (Fig 4b),
sedimentary layering, which generally trends north to northwest, 1s
conspicuous on sunward (southeast) slopes  Although fracture and
Joint traces are not well displayed on the 11 00 a m 1mage, traces
trending west-northwest extend from the granite near the southeast
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border of the image i1nto the Cambrian sandstone and carbonate rocks and
into the northern part of the area  Northeast-trending joint and
fracture traces are detectable 1n a few areas near the center of the
1mage UnTike the areas of prominent bedding, these features appear to
be virtually independent of Tocal topography

The infrared 1mage of the Tishomingo anticline area obtained at
approximately 2 00 pm (Fig 4c) shows only a few areas of bedding {(1n
which the thermal contrast probably refiects the total 1ntegrated effect
of insolation as the sun azimuth changed through the morning)  Structural
information shown 1s mainly restricted to fracture traces, trending east-
northeast, which are prominent 1n the southern part of the area shown 1n
Figure 4¢c  The occurrence of these traces does not appear to be signif-
1cantly affected by the topography 1nasmuch as topographic highs and lows
with variable orientations to the sun are transected These fractures
are not as apparent on any of the available photographs as they are 1n
the infrared 1mage

South Flank Area

Stratigraphic information displayed in the infrared 1mages of the
South Flank area stems mainly from the excellent definition of bedding 1n
the daytime 1mages The 11 00 a m 1mage (F1g 7a) shows a remarkable
bedding "grain" representing fine-scale bright-dark (warm-cold) contrasts
Presumably the bright stripes are groups of beds, as single beds generally
are smaller than the ground resolution Timt Formation contacts, how-
ever, are poorly defined In the 2 00 p m 1mage {F1g 7b), the "grain"
of bedding 1s not so conspicuous, and small-scale bright-dark contrast
1s less than at 11 00 a m However, several formations are readily
distinguishable and their contacts fairly sharply defined The 6 00 a m
image (Fitg 7c¢) does not show most formation contacts well, but shows
many conspicuous groups of beds as brighter (warmer) than their surround-
1ngs  Included in the brighter areas are such diverse 11thologies as
white-weathering, fine-grained, impure dolomite and dark-gray, coarse-
garained, crystaliine Timestone, as well as the dark dolomite of the
Royer and Butterly Formations (Fig 7c, near "fault") noted as bright
1 the predawn 1mage of the Tishomingo anticline area  The area marked
"A" on Figures 7a, b, and c provides a comparison of stratigraphic
formation obtained at the different flight times

Structural information 1n the infrared images 1s derived from the
excellent display of bedding so that faults and folds are clearly
evident {see Sabins, 1969, for a comparable example), and from the dis-
play of Tineaments Many ot the Tineaments cannot be seen 1n color or
black-and-white photographs The Tineaments (areas of prominent
lTineaments are indicated by arrows on the three 1mages) are of particular
interest because some of them are uniquely visible on 1nfrared images,
and because they are mportant to interpretation of the overall structure
of the area Only northwest-trending lineaments are visible i1n the 11 00
am 1mages, only those trending northeast are seen at 2 00 p m , and only
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sparse rare east-northeast-trending lineaments show at 6 00 a m

The lineaments appear warmer than adjacent ground Some can be seen
on photographs as grassy low zones along fractures, but most can not
be recognized Field observation shows the three major directions of
Tineaments to coincide with joint sets, but the extent of single
Tineaments and their overall abundance are nearly 1mpossibie to deter-
mine except 1n 1nfrared images

Another 1nteresting structure best defined in the 1nfrared 1mages
1s a fault zone indicated on the 2 00 pm and 6 00 a m mages It
15 obscured by minoy topographic and thermal effects at 11 00 a m
Part of the zone can be traced on photographs, because 1t shows as a
grassy zone between outcrop ridges On the infrared images, however,
and particularly on the predawn 1mage, the exact width of the broken
zone along the fault is clear The width varies considerably in short
distances, and 1s defined by a strip cooler than adjacent ground
Field examnation shows that thi1s strip 1s not consistently a topo-
graphic low, and we conclude that the coolness 1s related to ground
water concentrated 1n the zone of broken rock This has interesting
mmpiications with respect to locating and defining such zones else-
where for engineering, ground water, and mining purposes

THEQRETICAL CONSIDERATIONS AND INTERPRETATION

Parameters Affecting Infrared Images

The emitted thermal flux which 1s sensed by the infrared detec-
tor of the 1maging system 1s a function of two major classes of
parameters 1) rock or so1l parameters {albedo, thermal 1nertia,
emss1vity), and 2) 1nsolation parameters {sun's declination, lati-
tude of si1te, local time, and local topography) Other parameters
ncluding transmission, nighttime sky radiation, and evaporative
cooling

Because 1nsolation provides the driving function to heat both
ground and atmosphere, the ground surface temperature during the
daytime 1s dominated by the insolation parameters and by the surface
albedo (The absorbed flux 1s the product of the local insolation,
the cosine of the local zenith angle, and the co-albedo ) During the
nighttime, the effects of the atmospheric parameters and the rock
thermal 1nertia have a significant effect on the surface temperature,
and 1n general their roles are more pronounced just before sunrise
when insolation effects are least 1mportant In general, then, 1t 1s
expected that daytime 1nfrared images should be most responsive to
variations 1n local topography and co-albedo, and that nighttime
infrared 1mages should be most responsive to variations in atmospheric
effects and thermal 1nertia Variations solely in emssivity of
natural surfaces produce a proportionate change in the emitted flux
Exposed rocks are less efficient radiators than so1ls because, within
the precision of 1maging systems, all so11s behave approximately as
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biack bodies, independent of their composition

Daytime Infrared Images

The daytime images of the Tishomingo anticline area show that
bedding detail is enhanced on sunward topographic slopes, and that
T1neament sets are preferentially displayed in either the morning or
afternoon, depending on the direction 1n which they trend In the South
Flank area, where hogbacks that formed by dipping formations are numer-
ous, the marked contrast between conspicuous formation delineation 1in
the afternoon 1mage and pronounced "grain" of smaller scale bedding in
the morning 1mage 15 clearly a topographic effect related to time of day
Preferential display of lineaments at the two times 1s simlar to that
1n the Tishomingo anticline area

In order to analyze the directional character of insolation
parameters that contribute to the observed effects, a mathematical
medel of the diurnal temperature variation of an 1nclined planar
element was constructed to determine the strike at which the computed
temperature changes most rapidiy with slope angle (Watson and Pohn,
written communication, 1970) This direction {thermal strike) shouild
provide an 1ndicator (1) of optimum daily and seasonal times to enhance
(or suppress) topographic lineaments and (2} of the insolation contri-
bution to T1inear trends observed on daytime infrared images In
addition, the direction for most rapid change 1n nsolation with slope
angle (insolation strike) was also computed

For the M111 Creek areas (lat 34 5°, sun declination -23 3°)
thermal and 1nsolation strikes versus times at which the images were
obtained are presented in Figure 8 The model predicts thermally
enhanced strike direction of N 25° E for the morning flight and
N 80° E fTor the afternoon flight The calculations also predict
that the insolation strike (best observed in visibie and near 1n-
frared photographs) should enhance a morning direction of N 70° E
and an afternoon divection of N 70° W  Presumably both sets of
directions should be present to some degree on the 1nfrared imagery
nasmuch as thermal strike should refiect moderate slopes and the
insolation strike should reflect steeper slopes which cast shadows
Lineaments are not primarily topographic features and apparently do
not owe their prominence on the 1mages to these factors, but the
"grain" of bedding and formations 1s a topographic expression and 1s
enhanced as the model predicts 1n many places Images of the Tishomingo
anticline area (southern edge, F1g 4) show the afternocon enhancement of
topographically conspicuous formations paraliel to the maximum nsolation
strike  The 1nfrared 1mages of the South Flank area (Fig 7) 1llustrate
the prominence of features parallel to the afternoon thermal strike and,
possibly to a lesser degree, parallel to the morning 1nsolation strike

The difference 1n stratigraphic information contained in the two
daytime 1mages of the South Flank area appears to result from topo-
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graphic scale effects The morning 1mage shows bedding emphasized

by small-scale, but conspicuous bright-dark (warm-cool) contrast due
to the preferential heating of the sunward sides of small ridges
formed by outcropping bedding edges  The afternoon 1mage shows a
s1gnificant reduction in this thermal contrast inasmuch as both sides
of the bedding ridges have received 11Tumination from the sun which
tends to equalize their temperatures But the opposifte faces of
hogbacks, which are larger scale features with steeper slopes, retain
the thermal contrast because shadowing and hence 1nsolation differences
are sti1]l present In summary then, average slope differences at

the two topographic scales result 1n an enhancement of bedding

detall 1n the morning image and of whole formations that form the

hogback-~valley system 1n the afternoon image

Nighttime Infrared Images

Because the nighttime 1mages showed strong thermal contrast
between 1imestone (cool) and dolomte (warm), an attempt was made to
interpret the observations in terms of a model that seemed consistent
with the field observations and could be tested by Tater flight measure-
ments A simplified model of the rock parameters for the limestone and
doTomite was used to compute theoretical cooling curves {Watson and
Pohn, written conmunication, 1970) The results (Fig 9) 11lustrate
the mutual enhancement from the lower albedo (due to weathering) and
higher thermal inertta of dolomite {a compositional property) in
raising 1ts nighttime temperature with respect to that of Timestone
During the daytime the two parameters work against each other, the
higher thermal 1nertia tends to reduce the dolomite temperature and
the Tower albedo tends to increase 1t  Hence, the daytime temperature
d1 fferences between Timestone and dolomite are less useful as a
diagnostic tool But at nighttime, maximum contrast should be ex-
pected between rock types that combine maximum differences 1n albedo
and thermal 1nertia, provided that a lower albedo 15 paired with a
higher thermal 1nertia The converse -- that 1s, that high (Jow) albedo
paired with high (low) thermal 1nertia would provide maximum daytime
contrast -- should also prove to be true, provided that the effects of
the topography do not overwhelm the observed thermal distribution A
more rigorous test, now being planned, will be made by repeatedly
taking calibrated 1mages to examine 1n greater detail the diurnal
cooling cycies of the rock types exposed in the Mi111 Creek site,
especially for an intercomparison ameng the dolomites (Tow albedo,
high thermal tnertia), the Timestones ?h1gh albedo, low thermal 1nertia},
and the 1mpure dolomites (high albedo, high thermal 1nertia)

Atmospheric Parameters

The preceding discussion has omitted an evaluation of the 1nfluence
of the atmospheric parameters 1n order to emphasize the types of geo-
fogic information that can be extracted from infrared mmages It is
clear that at nighttime the dominant features of the images are the
thermal cold anomalies 1n topographic lows or water-saturated fracture
zones  The most reasonable explanation 1s heat Toss from the ground
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due to evaporation and the conduction of ground heat 1nto cold, water-
saturated mists which, being denser, collect 1n the topegraphic lows or
do not disperse readily from above their water sources Atmospheric
effects (e g , cloud cover) are also 1mportant in modulating the daytime
1nsolation and, especially 1n wintertime when the 1nsolation 1s minimal,
n introducing various periodicities in the thermal cycle due to the
passage of weather fronts Thus as a more quantitative analysis of 1n-
frared data 1s undertaken, a more careful treatment of atmospheric
effects, including ground and air measurements, w11l be required

CONCLUSIONS

The Infrared data obtained for this reconnaissance study contain
significant stratigraphic and structural information Perhaps the most
1mportant conclusion 1s that relatively pure 1imestones and dolomites
of the test area can be differentiated 1n nighttime 1nfrared 1mages, and
that facies changes between them can be detected along and across
strike  Such discrimination of rock type 1s possible because of a
combination of the i1nherently different albedo and thermal 1nertia
properties of the Timestones and dolomtes, and doubtless the same
distinction can be made 1n other areas with only a minimal amount of
field observation as control

Topography strongly influences the distribution and scale of
stratigraphic information displayed 1n the infrared 1mages  Sunward
sTopes display maximum bedding detail, and 1n some areas show very
subtle Tineaments preferentially 1n either morning or afternoon 1mages,
depending on the Tineament trends Bedding detai1l 1s enhanced 1n
morning 1mages of low-relief areas Such detai] 1s not prominent in
afternoon images, which 1nstead show contrasts at the scale of geologic
formations wherever moderate-relief topography 1s controlled by the
bedrock This effect appears to be a direct function of the amount of
sunlight received by sunward and shadowed slopes of differing scale

Fault or fracture zones are delineated on 1nfrared 1mages as thermal
Tows, apparently because of water saturation and concomitant evaporation
The 1mages contain 1nformation on width and continuity of such zones
that cannot be observed by refiected energy recorded in conventional
photographs  Lineaments are well displayed on the infrared 1mages,
even 1n areas where no Tineaments can be detected on ordinary
photographs, but where their presence has been confirmed by field exam-
1nation  The promnence of Tineaments without noticeable topographic
expression cannot be ascribed to insolation or wind effects and does not
appear to be simply related to ground water or vegetation concentration,
th1s enhancement of Tinear features 1s not yet understood, but 11lus-
trates the use of the infrared 1mages for structural geologic inves-
tigations

Qur study i1ndicates that several flights during a diurnal cycle
are needed to maximize the stratigraphic and structural information
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obtained Data on rock surface characteristics and thermal properties,
and on topographic and insolation effects are necessary for detailed
analysis of rock responses 1n the thermal infrared part of the spectrum
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Figure Ta - Index map of Oklahoma showing Tishomingo anticline area
(T) and South Flank area (SF) in the Arbuckle Mountains
Trends of magor anticlines are alsoc shown
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Figure 1b - Geologic map of Tishomingo anticline area (after Ham
and McKinley, 1954) Reseau marks shown for matching with

Figures 3 and 4
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Figure 1c - Geologic map of South Flank area (after Ham and

McKinley, 1954)  Reseau marks shown for matching with
Figure 7
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Figure 3. - Photomosaic showing rock-type occurrence, Tishomingo
anticline area. Reseau marks shown for matching with
Figures 1b and 4.
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Infrared images of Tishomingo anticline area.

a) 6:00 a.m. (CST) image; point A, facies change from

limestone to dolomite; B drainage channel; C, D, and E,
fracture on fault zones; F-F', line of isodensitracing

profile shown in Figure 5.

b) 11:00 a.m. CST) image.

c) 2:00 p.m. CST) image.

Reseau marks shown for matching with Figures 1b and 3.

Scale approximately 1:90,000.
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Figure 5. - Isodensitracing of Timestone-dolomite area on nighttime

infrared image, Tishomingo anticline area (1line of profile
shown on Figure 4a).
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Figure 6. - Topographic map showing cool linear zones shown at C, D,
and E on Figure 4a.




Figure 7. -

Infrared images of South Flank area., a) 11:00 a.m. (CST) image, b) 2:00 p.m. (CST) image,

c) 6:00 a.m. (CST) image. Area A demonstrates comparison of stratigraphic and structural
information displayed at different flight times; areas of prominent Tineaments marked by arrows.
Reseau marks shown for matching with Figure 1c. Scale approximately 1:120,000.
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AM Flight

PM Flight

Figure 8. - Strike computed from theoretical models for enhanced
thermal contrast (T) and enhanced insolation contrast
(I). The times for the morning and afternoon aircraft
overflights that provide the infrared images are indicated.
Local time is measured in hours from the time of local
noon (OMT local mean solar time = 12:30 p.m. CST).
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Figure 9 - Theoretical cooling curves constructad using thermal
1nertias constructed from representative thermal property
values 1n Clark (71966) and albedo values consistent with
the observations that (1) the dolomite appeared darker
than the limestone and (2) daytime temperature differences
are not noticeable on the infrared images {Oh" Tocal
mean solar time = 12 30 p m CST)
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REMOTE SENSING TECHNIQUES 1
AS APPLIED TO COASTAL SEDIMENTATION, SOUTH TEXA

By

Henry L Berryhill, Jr
U § Geologreal Survey
Corpus Christi, Texas

-

THTRODUCTICN N 71 .. 1 9 2 5 ?

The barrier coastline of Texas from Corpus Christi Bay south to the
Rio Grande consists of Padre Island, the longest barrier island in the
world, and the adjacent 1nshore waters of Laguna Madre (figure 1) This
segment of the Gulf of Mexico coastline 1s marked by differences in
vatterns of sediment transport and deposition, by differences 1n lagoonal
salinity and turbadity, and by variations in weather, not only geo-
graphlcally but from year to year Persistent southeast winds during
much of the year are an important agent in moving sediment acrogs the
barrier island  Furthermore, this i1s a coastline that 1s raked from
time to time by hurricanes that alter normal sediment patterns by
moderate to heavy erosion Long-shore currents are active in movaing
sedament along the seaward side of the barrier island, but their patterns
on & long-term basis are very poorly known

The U S Geologiecal Survey 1is studying processes of sedimentation
along the south Texas coast as a part of 1ts Marine Geology Program  The
purposes of the study are to develop principles that can be used in studying
and comparing coastal processes i1n general and to establish guidelines
that can be used for the efficient management of not only the south Texas
coast but other barrier coastlines of the United States

Remote-sensing techniques are being applied as a complement to the
regular field investigations in order to evaluate the usefulness of remote
sensing in several aspects of the study of sedimentation processes 1) to
determine bottom topography in shallow water, 2) to show the morphology of
sand bodies 1n the several enviromments of deposition  shallow marine,
barrier 1sland and lagoon, 3) to determine the movement pattern of sediments
in suspension at a given time and under a specific climatic and sea state
condition, and 4) to monitor the coastline on a sequential basis as a means
of relating rates of sediment movement to current patterns, sea state and
atmospheric condivions, Special emphasis is on measuring rates of erosional
healing following major storms or hurricanes

;/ Publication authorized by the Director, U S Geoclogical Survey.
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Study of the south Texas ¢oast by remote-sensing techmiques began
in late September 1967 Fave ddys”after Hurricane Beulah, the coast-
line was photographed 1n Fktachrome regular color by the Geological Survey
Thirteen months later, in October 1968, the area was reflown and again
photographed in Ektachrome color. In December 1968 the same coastal strap
was photographed from a NASA ailrcraft  Images obtained were Ektachrome
regular color and Ektachrome color infrared by RD-8 cameras and thermal
emission by Reconofax IV  All images were obtained from an altitude of
12,000 feet 1n order to closely approximate the 1 24,000 scale of standard
USGS topographic maps. Fhotographic data have been compiled on selected
1 24,000 quadrangle maps and used as a supplement to field investirgations
to establish environmental relations to provide a fixed model in time for
measuring future changes in coastline features during sequential monitoring

RESULTS AND DISCUSSTION

Aspects of the study discussed are those believed to best show the
comparison of the remote-sensang technigues and at the same time demonstrate
the value of sequential monrtoring in coastal marine geologic investigations
These aspects are  sediment movement, current patterns, water penetration
and clarity of bottom features, and bay and lagoon flushing as indicated by
infrared imagery

Sediment Movement

A, Coastal erosion and healing -~ Major storms and hurricanes are the
primary agent in moving large guantities of sand along a barrier coast-
line  Erosional damage 1s most common to beaches and the seaward siade
of the foredune ridges  Breaches or washovers occur in gaps between
foredunes If the barrier i1s low, storm inlets may be cut all the way
through the barrier island by the flood tide During Hurricane Beulah
which passed over the south Texas coast near Brownsville in late
September 1967, some 67 storm-tide inlets or storm passes were opened
across Padre Isgland.

Three passes opened by Beulah near the southeast corner of Coxpus
Christi Bay are shown in figure 24  These passes had been previously
opened by earlier hurricanes, but had been closed for some five years before
Beulah  The oraiginal of figure 2A i1s Kodak MS Aerographaic Ektachrome film
taken with a K-17 camera., Evident are the washover deltas deposited by the
flood tide and the greatly increased trubidity in the water that is spalling
back i1nto the Gulf following receding of the flood tide In color, the
"lacework" of the sand bodies and the different water masses wrthin the
effluents are more effectively displayed than in black and white
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The extent of erosional healing after elapsed time is shown by
figures 2B and 2C, photographs taken from a NASA aircreft with an RC-8
camers. 1n the mid-afternoon of Decenber 21, 1968 about 15 months after
Beulah Tigure 2B 1s a prant from Ektachrome regulay color film,
fagure 2C a print from Ektachrome infrared color f1lm  In both photographs,
the degree of modafication of the tadal deltas 1s readily apparent, as 1s
the extent of healing of the inlets by sedimentation  The orientation of
the spait bars at the mouths of the channels clearly shows the predominant
gouthward dairection of the longshore draft By comparang the two photo-
graphs, the contrasting quality of certain features alsc are apparent
Faigure 2C, made from color IR film, displays the 1sland features and %The
sand bodies in sharper image. Conversely, figure 2B, made from Ektachrome
color fiilm, hetter shows the details of the darker areas covered by water
in the upper part of the photograph and of sediment in suspension in the
surf zone. Depth of water in the lagoon 1s one to two feet, depth in the
Gulf of Mexico water in area shown at the lower edge of the figure is about
nine Teet

B. Sediment effluence from bay and lagoon -- The amount of turbidity

in coastal waters at a given time gives a direct indication of both the
amount of suspended sediment being carried to the sea and the current
patterns and velocity of effluence under gpecific conditions of sea state.
Figure 3 includes a photograph of the jetties seaward of the mouth of
Corpus Christi shap channel at Port Aransas, Texas, and two prctures of

the ship channel through the extreme southern end of Laguna Madre at

Port Isabel, Texas  The photographs were taken from a NASA aircraft on
December 21, 1968 in md-afternoon Figares 3A and 3B are praints from
Extachrome color film, fagure 3C a prant from Ektachrome infrared

falm. The pictures were taken within 24 hours after passage of a cold
front and wind at the time of the flight was from the northeast at 20 to

25 mph  Both outlets lie at the southeast corner of large hodies of

water where the fetch of the northeast winds 1s creating a hydrostatic

head as the water i1s pushing soulhward Source of suspended sediment

1s wn part runoff from land and i1n part bottom sediments stirred up an

the shallow bays and lagoons by wind action following passage of the
weather front. Size and strength of sediment and water mass plumes entering
the Gulf of Mexico at the two poants can be compared from figures T4 and 7C,
the complete plumes are not shown in figure 3.

The size and shape of the plumes seaward (see figure 7) 1s a function
of the velocity and volume of water outflow, and the configuration seaward
18 a measure of the influence of longshore currents. The plume emanating
from the Corpus Chraisti ship chammel {(figures 3A and TA) extends well out
to sea and 1ts flow pattern 1s almost circular, with a tendency to diffuse
gouthward, indacating a weak longshore current at this point. In contrast,
the plume off the mouth of the Port Isabel channel seems to have less
forward momentum and hugs the shoreline closely, indicating stronger
longshore current  The difference in size of the two plumes not only
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shows the contrasting velocity of outward flow but also suggests that
the relatively strong southward longshore current may be confined to a
narrow band adjacent to the shoreline, though the difference could be a
result of dafrferences in velocity of water oubflow at the two sites.
The nature of gediment outIlow as a function of current patiterns is
mmportant i1n determining sedimentation rates and in predicting where
gediment accumilation or buildups are likely to occur

C. Sedament patterns, Gulf of Mexico and adjacent Padre Island -~ The
patterns of sediment deposition along a barrier coastline commonly shift

on a2 seasonal bhasis or show a cumulative direction of movement that 13 a
vector of forces scting from different or variable directions  The dune
f1elds on Padre Island are an excellent example of this fype of pattern.
Acted upon by wands that vary from two predominant directions, southeast
and northwest, the sand forms ridges or wind rows that are linear to

the northwest, as shown in the upper-right quadrant of figure 4B. These
same patterns may form 1n the sand deposited in the shallow water of the
Gulf adjacent to Padre Island, although this 1s yet to be confirmed by
bottom studies. The presence of sand ridges oriented simlarly to the sand
dunes on the land nearby i1s suggested by the northwestward alignment of
the many small southwest-pointing plumes shown in the lower two-thairds of
fagure 4A. Presumably the sediment 1s being dragged from linear highs on
the sea floor. Sand waves of thais tame have not been previously described
along this coast, yet the pattern showm i1n figure L4 was evaident along much
of the south Texas coast when the photographs in figure L4 were taken by
NASA on December 21, 1968.

Comparison of the two photographs shows the indavidual characteristics
of the two types of film used Sedaments 1n suspension are best shown by
regulay color, patterns of unconselidated gand on land are shown in much
better detail by color IR film  Even the very thin sheet of sand in the
top center of figure 4B that marked the recent shift in wind direction a3
clearly evident. Furthermore, the three dimensional character of sand
bodies on color IR film, when viewed under magnifacation, 1s a decided asset
in estimating thickness and in studying geometric details

Current Patterns

Although many examples could have heen selected from the NASA photo-
graphs of December 1968 to demonstrate the wide variation in current
patterns along the south Texas coast at the time of the flaght, the two
photographs of figure 5 seem to best 1llustrate the value of synoptac
sequential coverage in studying current movement. The figure covers a part
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of the west end of Corpus Chraisti Bay and a part of the City of Corpus
Chrast: The current vortex 1s formed by water entering the bay from the
harbor channel which lies near the lower left hand corner of the photo-
graphs Wind 1s from the northeast (or left hand upper corner of the
figure) at 20 to 25 mph  The turbadity 18 caused by the wind-agitated
water stirring the bottom sediments Water depth 1s uniformly about 13
feet in the bay proper except in the ship chamnel, which runs from the
harbor entrance diagonally northeast to the area shown in upper left hand
corner of the figure

In comparing the effectiveness of regular color film and IR film for
use 1n coastal studies, 1t 1s obvious that the total mass of water entering
the bay 1s best outlined by the color IR print, as might be expected
Furthermore, briefly stated, the nature of the circulation vortex shown 1in
frgure 5 shows that circulation in a semiclosed bay or lagoon 15 a complex
system that can be studied best by synoptic viewing rather than by the
time-consuming monitoring of a few randomly placed current bhuoys

Water Penetration

Of utmost importance in studying coastal sedmmentation i1s the need
to prepare maps that show sediment patterns in considerable detail, in
partrcular the distribution of sand bhodies in the shallow waters of the
coastline  Maps that show these patterns at a given time are especially
necessary for studying quantitatively the movement of sand on a yearly
basis and as a result of storms Thus technigues must be sought that
permit preparation of such maps for sizable areas 1n a relatively short
time

The two photographs of figure 6 represent the relative effectiveness
of two types of sensors figure OA 1s a print from Ektachrome film,
frgure 6B a print from Ekbtachrome IR film  The pictures were taken on
December 21, 1968, by a NASA aircraft using an RC-8 camera  The superior
light penetration through the water of Laguna Madre obtained by the regular
color f£1lm 18 readily apparent. Details Of the interference sand waves
along the inshore side of the lagoon are particularly impressive  Intraicacies
of sand body morphology in such detail are excellent for deducing long term
current and wave patterns in shallow waters. On the other hand, the
superiority of color IR 1n showing detail of sand patterns on land 1s again
well demonstrated by figure 6B  The sand dunes on the back side of Padre
Tsland do not show at all in figure 6A

Thermal Patterns in Water Movement

Thermal patterns as indicators of fresh-water effluence into the
coastline environments are perhaps more directly applicable to studies
of water-mass movement than the sedimentation studies  However, the
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three 1nfrared images shown in figure 7, when compared with figures 2
and 3, dramatically show the close relationship between suspended

sediment and water discharge

Tne 1mages in figure 7 have been selected from a contimucus strap
made by NASA on December 21, 1968 1n the late afternoon usang the
Reconofax IV  The plumes in TA and 7C not only outline the cooler fresher
water entering the Gulf of Mexico but also show the close correlation of
drainage outflow and water turbidity when compared with regular color

photographs,

Seepage of less saline water in the Guif from the barrier island
was detected in several places One of these 13 shown at the left hand
side of figure TC, where water is seeping into the surf zone from ponds
that are sealed off from the sea by the sand bars See plumes near left-
central edge of the photograph.

Use of Data and Future Plans

In this report, much of the discussion of data and resulis has been
descriptave  However, most of the attention given to the data so far has
been to assess its broad usefulness for studies of coastal sedimentation

Future work will be directed toward image enhancement of data to
braing out details of sediment patterns and bottom topography that cannot
be gqualitatively defined in the present state and to establish prineaples
that have broad application to coastiine studies 1n general, Also, much
emphasis will be placed on compiling ground-truth maps of several types
that will form bases for comparison with fubure remote-sensing images
Coastline changes with time can be most accurately measured by comparing
images taken at intervals. Furthermore, the remote sensing technigue offers
an 1deal opportunity to study the interrelationship of the multiple aspects
that affect processes of gedaimentation zlong regional segments of the
coastline And study of synoptic data over large areas offers the most
efficient means of selecting local areas where field investigations would
be of greatest benefit.

Preparation of ground-truth maps that show in detail the environments
of the south Texas coastline 1s underway TFigure 8 1s a generalized version
of one of these maps (South Baird Island Quadrangle) made from color aerial
photographs taken in October, 1968

CONCLUSION
Each of three sensing techniques used in studying sedimentation along

the south Texas coast offers features that are directly applicable  The
Ektachrome regular color film 1s best for detecting current patterns as
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indicated by water turbidity and for revealing bottom topography in depihs
up to about 10 feet  Enhancement technigues are expected to improve the
water penetration quality of the film, Possibly some improvement can be
gained by use of filters and by varying flight times durang the day for
betber refiectivaty conditions  Ektachrome IR 1s superior to regular color
in showang details of sand bodies on the land and even in very shallow
water Infrared imagery also offers excellent possibilities for studying
water exchanges in coastal areas between bays and lagoons and the sea

The most significant result of ocur studies so far 1s the uvsefulness
of synoptic coverage of a coastal region on a sequential basis. The
photographs presented have been selected to demonstrate this fact

The unigue opportunity for coastal studres offered by remote sensing
techniques can best be summed up by reference to the photograph, in figure
9, made from Apollo 9 an March 1969. The detaal shown 18 remarksble, even
in a B/W prant. Nobtable i1s a phenomenon not previously commented on by
investigators working along the south Texas coast  The long shore current
patterns shown by the suspended sediment contain two opposing currents
operating in the near-shore zone, as indicated by the fishhook pattern of
the suspended sediment. A southward-flowing current is hugging the shore-
1line, but a northward-flowing current farther out 1s dragging the suspended
sediment northward  This photograph shows the value of continuous

monitoring of the coastline from an orbiting satellite using hrgh-rescluiion
cameras
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| Figure 6-2.- Effects of hurricane erosion and rates of healing.

. (a) Print from Ektachrome film showing inlets opened by Hurri-
cane Beulah, September 1967 and storm tide deltas. (b) Print
from Ektachrome film photographed December 1968 showing amount
of healing by sedimentation over the 15-month periocd.

(¢) Print from Ektachrome infrared film taken at same time as (v).
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Figure 6-3.- Sediment effluence. (a) Sediment effluence from Corpus
Christi ship channel taken on Ektachrome film. (b) Sediment effluence
from Port Isabel ship channel taken on Ektachrome film. (c¢) Same
general aresa as (b) on Ektachrome infrared film.



b.

Figure 6-4. Sediment patterns.
(a) Section of central Padre
Island taken on Ektachrome film;
note details of sediment patterns
both on land and in the Gulf of
Mexico. (b) Nearby area taken
on Ektachrome infrared film;
compare details with (a).
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Figure 6-5.- Circulation vortex in
western part of Corpus Christi
Bay. (a) Print from Ektachrome
regular film. (b) Print from
Ektachrome infrared film. Compare
for details.




Figure 6-6.- Section of northern
Laguna Madre showing comparison
of techniques for water penetra-
tion. (a) Print from Ektachrome
regular color film. (b) Print
from Ektachrome infrared film.



C.

Figure 6-T7.- Thermal character-
istics of bay and lagoonal water
entering the Gulf of Mexico.

(a) Corpus Christi ship channel.
(b) Natural inlets cut by storm
erosion at southeast end of
Corpus Christi Bay. (c) Port
Isabel ship channel. Image
taken by Reconofax IV.
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Figure 6-8.- Generalized environ-
mental map of South Bird Island

Quadrangle made from color
aerial photographs.

Figure 6-9.- View of Texas
coast faeing southward, taken
by Apollo 9, March 1969.

Note how fishhook pattern of
suspended sediments shows
two opposing longshore
currents,
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Introduction

This paper describes a preliminary experiment that was made to
compare the spectral reflectance from trees growing in soil over a
mineral deposit with reflectance from trees of the same species
growing in a nearby unmineralized area. Although the measurements
were made on a relatively small number of trees, some/bignificant
differences were obtained and the overall results are encouraging
enough to warrant additional studies. Preliminary results suggest
that measurement of spectral reflectance may become a dramatic new way
of detecting geochemical soil anomalies by remote means in tree-
covered areas.

Traditional prospecting methods, wherein rocks are examined
directly for valuable minerals, can no longer be expected to produce
many important mineral discoveries, except possibly for those deposits
of minerals that were of little or no economic interest until recently.
Most areas of the world amenable to this type of prospecting have been
examined repeatedly by several generations of prospectors. However,
in large areas, rocks and geologic structures favorable for the
occurrence of ore are concealed beneath soil and alluvium. In such
areas many important ore discoveries have been made in recent years
by utilizing the newer geochemical and geophysical prospecting methods.
And, it is reasonable to assume that in such areas many future mineral
discoveries will be made as we refine existing exploration methods as
well as develop new ones.

In the past 20 years, geochemical prospecting has progressed from
a little-used and often-scorned technique to one that is widely used
in most modern-day exploration programs. At present, geochemical soil
sampling methods have been perfected to a higher degree than most
other geochemical techniques. In areas of residual soils, the identi-
fication of an area of soils having abnormally high amounts of certain
metals furnishes a strong clue as to the possible presence of a nearby
concealed mineral deposit. To locate and delineate many metal
anomalies in soil requires that large numbers, often many thousands,
of closely spaced soil samples be collected and analyzed for one or
more trace constituents. In most parts of the world such soil-
sampling programs are becoming increasingly expensive. Developing

* Publication authorized by the Director, U.S. Geological Survey.




g

a method of detecting such agbmaléus areas by appropriate sensors
mounted in aircraft, or even in orbiting satellites, would constitute
an important breakthrough in mineral exploration and might dramatically
reduce exploration costs.

In considering ways of sensing abnormal chemical conditions in
the soil by remote means, the possible use of vegetation is, for two
reasons, a natural avenue to explore. First, data from many biogeo-
chemical surveys performed during the past few decades have shown that
plants growing in a geochemically anomalous soil generally reflect -
this in their trace element content; and, sometimes, these plants show
characteristic variations in their form, color, size, or rate of
growth. Second, the forest canopy is easily visible to a sensor in a
plane or satellite.

Interrelationships between a tree and its enviromment are complex,
and many nongeological parameters, of course, affect plant health,
growth, distribution, and composition; nevertheless, the geologic
environment is one of the more important environmental parameters.
Chlorosis is a common diseased condition of chlorophyll-bearing plants
characterized by absence of or deficiency in greea pigment and mani-
fested typically by a yellowing of the leaf which in turn causes the
green veins to stand out prominently. Chlorosis can be caused by the
presence, in excessive amounts, of elements that are antagonistic to
iron in plant metabolism and that interfere in the production of
chlorophyll. Although other causes of chlorosis are fairly common,
prospectors and geologists have long known that a chlorotic patch of
vegetation may indicate an area of metal-rich soils or rocks and
therefore merits their attention.

Actually, mineral-deposit-related chlorosis is rather rare in
virgin environments. While different plants seem to vary greatly in
their ability to tolerate excesses of various elements in their
nutrient solutions, the concentrations of most elements required in
the supporting soil to produce symptoms visible to the unaided eye are
often fairly high. Further, in areas of many geochemical soil anom-
alies that are genetically related to important mineralization, the
vegetative canopy is apparently healthy, no toxic symptoms being
visible to the eye. It is possible, however, that the abnormal
chemical environment causes subtle--but nevertheless definite--changes
in some physical or chemical aspect of one or more plant organs.

These changes, if detected and quantitatively measured, can then serve -
as an indicator of an abnormal chemical enviromment at the tree roots.

Because many common ores contain elements known to be antagonistic to

iron in plant metabolism, it appears resonable to assume that such

excess metal content might induce incipient chlorosis, a condition

identifiable from measurements of the spectral reflectance. Other

variables, of course, affect spectral reflectance but if their effect

can be accounted for satisfactorily, trees should be useful as sensors

of geochemical soil anomalies.
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Published spectra of vegetation are scarce and no data are known
in the literature that would indicate whether the spectral reflectance
of apparently healthy trees in a geochemically anomalous area differs
significantly from the spectral reflectance of trees growing in areas
of normal elemental content. Therefore, an experimental plan was
designed to measure spectral reflectance of trees growing in anomalous
and in background areas under natural conditions, wherein tree targets
would be viewed and measured much as an aerial camera or other type of
airborne spectrometer would view them.

The work on which this report was based was supported by the
National Aeronautics and Space Administration (NASA). The Geological
Survey contributed the chemical analyses of the soils and vegetation.
The overall direction of the project was by F. C. Canney, who was also
responsible for the selection of the site, the trees to be measured,
and the geologic and geochemical ground control analyses. The reflec-
tance measurements in the field, the reduction of the data, and the
statistical study were done by the Science Engineering Research Group
of Long Island University under the direction of Prof. Edward Yost.

Previous work

An appreciable amount of research is currently underway on the
applications of remote sensing to problems in forestry and agriculture
and has been reported in the literature. By comparison, very few
experiments specifically directed to the mineral exploration field
appear to have been done. In the highly competitive mineral industry,
industry-sponsored experiments of this nature would very rarely be
reported anyway in the scientific literature, especially if results
were encouraging enough to suggest that a new exploration tool might be
forthcoming. The concept that spectral signatures of vegetation might
be useful in the detection of biogeochemical anomalies genetically
related to mineralization has apparently occurred independently to
various individuals. During the past 6-8 years several aerial
reconnaissance surveys were flown by several organizations over
mineralized structures in forested areas; the sensor used was false-
color infrared film. Available information suggests the results were
not generally felt to be encouraging. This was certainly my appraisal
after making several experimental aerial surveys in 1966 and 1967.
Admittedly, most of these surveys, including my own, were not made
under closely controlled conditions.

The experiment closest in scope to the one described herein was
executed by C. E. Olson, Jr., of the University of Michigan, and H. T.
Shacklette of the U.S. Geological Survey, in 1962, They collected
leaves from a variety of deciduous trees rooted in both geochemically
anomalous and background areas in the southwestern Wisconsin lead-zinc
district, and then they measured their spectral reflectance. Although
the experiment unfortunately had to be recessed, reduction of the data
has been resumed by Olson and the data are expected to be available in
the near future.
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Selection of test site

The test site selected was Catheart Mountain in west-central
Maine, where a large but low-grade copper-molybdenum deposit was
discovered a few years ago by private investigators. It seemed to be
an appropriate test site for the following reasons:

1. The area is still largely undisturbed by man.
2. It is completely forested with both deciduous and coniferous trees.
3. Detailed and extensive geochemical ground control is available.
4. Large areas of soil contain highly anomalous amounts of copper and
molybdenum, which are also anomalously concentrated in the trees.
5. The major geochemical soil anomaly encompasses an area about 1 mile
square, a target large enough for possible later experiments
from orbital altitudes.

The area is slightly more complex, both botanically and geologically,
than was desirable for a first test, but that disadvantage was far
outweighed by the advantages.

Field procedure

For the initial experiment balsam fir (Abies balsamea (L) Mill)
and red spruce (Picea rubens Sarg.) were selected as the species to be
examined. Five specimens of each species growing in the anomalous area
of metal-rich soils were measured and compared with similar specimens
growing in a nearby unmineralized area. So far as possible, other
factors--such as soil type, soil moisture, and exposure--that might
affect reflectance were kept constant between the two groups. A sample
of the foliage of each tree and a sample of the supporting soil in
which it grew were collected for chemical analysis.

Each tree spectra consisted of 27 measurements of reflected radi-
ation, and 27 measurements of simultaneously incident solar radiation,
made at each wavelength. The wavelengths were spaced at 25-nanometer
intervals in the 350- to 750-nanometer region and at 50-nanometer
intervals in the 750- to 1100-nanometer region. Reflected radiation
greater than 1100 nanometers could not be recorded because overcast
conditions prevailed during much of the test period. Each tree was
scanned three times and the average values of reflected and incident
radiation were used to compute the percent directional reflectance.

To make the reflectance spectroradiometric measurements meaningful
for possible future experiments using an aerial sensor, the spectro-
radiometer was placed above the tree so the measurements were obtained
in a downward-looking orientation. This was accomplished by placing
the instrument in the bucket of a '"cherry picker." Figure 1 shows the
method used to obtain reflectance spectra. Extreme care was taken to
ensure that the field of view of the tree being measured was completely
full so unwanted radiation from the background would not leak into the
optical system.



Results

The spectral reflectance curves for red spruce and balsam fir are
shown in figures 2 and 3 and the chemical data in tables 1 and 2. The
vegetation samples collected for analysis were of 1- and 2-year-old
needles and twigs composited from the general area of the tree imaged
by the spectroradiometer. Copper and molybdenum analyses are expressed
as parts per million (ppm) in the vegetation ash. The amount of ash
of the dried plant material ranges from 2.5 to 3.5 percent.

The curves for both anomalous and background groups of red spruce
(fig. 2) are essentially the same in the visible region of the spectrum.
In the near infrared, from 750 to 1100 nanometers, the anomalous group
shows a uniform pattern of decreased reflectance. This was, of course,
the result we had hoped to find. Actually though, while the spectral
differences are highly encouraging, the values are not significantly
different at the 95-percent confidence level.

The chemical data for red spruce, shown in table 1, reveal that,
unfortunately, the trees selected for measurement were growing, for
the most part, in soil only slightly anomalous in copper and molybdenum.
And though all spruce trees of the anomalous group were weakly
anomalous in molybdenum, only one tree (no. 5) was anomalous in copper.
In this preliminary study, however, the selection of trees was severely
hampered by the restricted mobility of the cherry picker on a rough
mountainside.

The reflectance curves for balsam fir (fig. 3) show a marked
contrast with those of spruce. At every wavelength the anomalous fir
group had a higher reflectance than the background group. The statis-
tical analysis of these data showed that in the 525-750 nanometer
region the difference was significant at the 95-percent confidence
level. From 750 to 1100 nanometers, the difference would have been
significant if the spectra of one tree (no. 15) had been deleted from
the data set. The balsam fir group (table 2), on the whole, were
rooted in soils that contain distinctly more copper and molybdenum
than the spruce-group soils.

The inferences to be drawn from these data are limited by the
small sample size and by the relatively large variance of the data,
especially in the 750- to 1100-nanometer region of the spectrum. There
is a strong suggestion, however, that the effect of metal-rich soils
on the spectral signatures of trees may be quite variable between
species. As judged from the described experiment though, multispectral
photographic techniques could probably be used to separate balsam fir
trees with anomalous metal contents from the other tree groups sampled.
The present results are encouraging enough to warrant additional
studies. The continuation of this research should ultimately lead to
a new way of detecting mineral deposits by remote means.




Table 1

METAL CONTENT OF RED SPRUCE (AND SUPPORTING SOIL)
USED FOR REFLECTANCE MEASUREMENTS

SAMPLE PARTS PER MILLION
NO. COPPER MOLYBDENUM
VEG. SOIL |VEG. SOIL
ASH ASH
ANOMALOUS 1 120 115 8 10
GROUP 2 120 115 8 10
3 150 225 8 20
5 230 60 20 75
6 120 60 8 40
BACKGROUND 13 150 5 3 3
GROUP 16 150 5 3 5
17 150 5 3 5
18 120 5 5 <3
19 120 <5 & <3
Table 2

METAL CONTENT OF BALSAM FIR (AND SUPPORTING SOIL)
USED FOR REFLECTANCE MEASUREMENTS

SAMPLE PARTS PER MILLION
NO. COPPER MOLY BDENUM
VEG. SOIL |VEG. SOIL
ASH ASH

ANOMALOUS 4 150 115 60 150
GROUP /s 450 2250 1225 150
8 450 2250 225 225

9 300 15000 150 75
10 450 9000 60 80
BACKGROUND 11 150 30 5 8
GROUP 12 120 5 3 3
14 120 <5 3 3

15 150 5 3 3




Figure 7-1.- Photograph
showing method of
obtaining reflectance
data in a downward-
looking orientation.
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SECTION 3 Geology

GEOLOGIC UTILITY OF SMALI-SCALE ATRPHOTOS®

By Malcolm M (Clark, Menlo Park, CallN ,}1 1
. ~19259-

ABSTRACT

This report emphasizes the geclogic value of small-scale airphotos
by descraibing the application of high-altitude obligue and 1:120,000
to 1:145,000 scale vertical airphotos to several geologic problems in
California. Thege examples show that small-scale airphotos can be of
use to geclogists 1n the following ways:

1 High-alititude, high-obhlique airphotos show vast areas in one
view, introducing a geologast or his audience to the salient
geographic and topographic attrabutes and many geologic fea-
tures of an area.

2. Vertieal airphotos

a. Offer the most efficient method of discovering the major
topographic features and commonly, important structural
and lithologic characterastics of new or unfamiliagr fer-
ralin.

b. In stereo, show a broad region in one three-dimensional
viev that may reveal relations or suggest geologic hypoth-
eses not otherwise apparent

¢ May reveal Tegtures of such extent, subtlety, or discon-
tinuity that a broad view 1s necessary to recoghize them.

d Imstbantenously record rapidly changing conditions over
large areas, such as tadal flow and surface wind patterns

Small-scale sirphotos do not replace large-scale airphotos or
field investigations They mske the geologist more effective by saving
tame or revealing relations he might otherwise miss because of lack of
experaence or astuteness  Geologists would be helped in most projects
by using airphotos at several scales that are smaller by successive
factors of 3 than the largest scale used.

1Publlcat10n suthorazed by the Director, U,.S. Geological Survey.



g-2

Color and black aad white airphotos at scaleg as small as L:;175,000
are within the capability of present commercial airphoto aireraft using
cameras equipped with short focal length lenses  Small-scale airphotos
also have pobential use now 1in carbography, forestry, agriculture and
geography, both i1n current programs and those contemplated for earth
resource satellites., Morecver, several years, if not decades, are
likely %o pass before photos from orbit replace small-scale alrphotos.
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INTRODUCT TON

Small-geale vertical air photographs covering lavge areas of the
earth will become ayailable i1n the 1mmedisbe fubure, both from i1mminent
earth resources satellites (Report for the Committee on NASA Oversight,
1968) and from increased use of high altitude aircrafs (e.g., Bock,
1968) and short focal lengkth cemeras in aerial photography. To take
full advantage of these photos, geologists should become aware of their
potential usefulness 1n solving geologic problems.

Hemphill (1958), using 1:60,000 scale airphotos, pointed out that
the chief benefit from such photos 1s that they permat conbinuaty of
observation over large areas. This broad view leads ©0 easiler recogini-
tion of geologic feabures such as rock strata, tectonic Lineaments or
Lithologic units characterized by subtle bubt persistent topographic or
tonal differences. The purpose of this report is to support and add to
Hemphill's work by 1llustrating the geologic ubility of azrphobos that
range 1n scale from 1:120,000 to 1:145,000. These airphotos are of
signmificantly smaller scale and conbtain information that 1s not obwious
on present "small~scale” airphotos, either the widely available 1:60,000
USGS photos or photos taken for special projects, such as a series of
1:90,000 photos that cover the western portion of California. Further-
more, the scales of the photos 1n this report are attainsble by present
commercial alrcraft and cameras.

The photos to be described were taken in 1967 and 1968 for thas
investigation of geologic uses of small-scale airpvhotos by U.S. Air
Force aircraft flying between 60,000 and 70 000 feet  (Cameras were
equipped with 6-inch focal length lenses and used 9 1/2-1nch black-
and-white roll film Flight lines covered geologic features of inter-
est wn the Far West, praincipally acbive faults in Calafoxnia  The
project thus far has yielded about 1300 overlapping verticsl photo-
graphs, covering many swaths 16 to 18 miles wade and up to several
hundred miles long Figure 1 shows locations and approximate ground
coverage of the airphotos of Figures and Plates

FXAMPLES OF GEOLOGIC USE OF 1:120,000-1+145,000 SCALE ATRPHOTOS

Garlock Fault

Figure 2 1s a high oblague airphoto locking east across the northern
boundary of the Mojave Degert from about 60,000 feet. In a single vaiew
thas photo shows mmch of the geographic and geologic character of an
immense region. Such photog afford an excellent and often spectacular
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way to 1nbroduce, display or summarize the geologic relations of a
large region. They can be very useful to a geologist in the first steps
or the recomnaigsance part of g fi1eld study or 1in areas which lack
vervical aarphotos. Moreover, they can serve the geologist laber when
he communicabes hig findangs to an audience.

Some of the small-scale vertical phobographs described in this
report are being used 1n a project to locate the most recent brezks
along the Garlock fault throughout 1ts 150-mile length Fagure 3
{seale 1:120,000) shows part of the fault (A-A') near Searles Valley
The lanear aspect of the fawlt, expressed mainly by scarps, valleys,
and ridges shows clearly in this photo, as well as on large scale
(1:20,000) photos, which have been the primary tool for loeating and
recording the position of recently active Traces of the fault  However,
an places where surface evidence of the fault i1s missing for several
mrles, the large-scale photos are muich less useful than small-~scale
photos, which reveal the continuity of the fault throughout its length

Plate 1 (scale 1:120,000) shows the course of the Garlock fault at
Koehn Lake, a playa sbout 40 miles west-southwest of the area shown in
Figure 3. Here most of the surface conbinuity of the fault disappears
as 1t changes trend by two poorly defained en echelon steps. Large-
scale photos are of little use at Koehn Iske, for the feabtures that mark
the location of the surface traces are scarps 5 or more miles apart or a
few subtle tonal lineaments among meany tonsgl boundaries not necessarily
of tectonic oragin. In this area the value of the small-scele airphoto
becomes clear. From an ingspection of Plate 1, one ecan dascover fea-
tures that line up with exasting scarps or that are aligned with projec-
tions of the fault from either sade of this area. For example, scarp
A and lineasment B on Plate 1 are aligned with the prominent scarp C.

C, 1n turn, 218 almost combtinuous with the trace shown i1n Figure 1, A
lane up with the projected trace from the southwest (Pl. 2). Subsequent
Taeld checks showed the lineament abt B 4o be a drainage channel across
the playa and the one at E to be the southern boundary of a zone of
light-colored modern channels  In both places the channels, and hence
the resvlting lineaments, appear o be conbrolled by subbtle topographic
trends of probable tectonie origin, 1in view of theilr position in line
with prominent fault scarps.

Squares on Plate 1 represent the size of avairlable photos at scales
of 1320,000 and 1:32,000 in the same area. Presumsbly these photos
could be used to loecate the traces shown 1n Plate 1 by assembling them
into a mosalc or by using them to locate many linear features, trans-
ferrang the features to a map and then looking for alignments  Inspect-
1ng a single photo 18 obviously easier and probzbly more accurate.

A thoto scale of 1:250,000 would perhaps be even hetter for work-
ing on the problem at Koehn Lgke. The 1:120,000 photo shown in Plate 1
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had to be joined to the overlapping photos on exther side in order to
project the prominent traces from the northeast and southwest on to
Plakte L. One photo at a smaller scale would elaminate this extra step,
provided the lineaments were gtill visible.

It could be awgued that a3 high oblique photo gimlar to Figure 1,
but with Koehn Leke somgwhere 1n the foreground and wath a direction
of view within about 10 of the hearing of the fault traces, would also
reveal the locabion of the faults in the vicinity of the playa. Such
a photo, however, would requare careful positioning of the aircraft and
some Toreknowledge of the feabures of interest. One vertical airphoto,
an contrast, can be inspected from any direction, 1n a sense simulating
many obligue photos. Vertical photos, in further contrast to oblaques,
present the geometric relations of surface features in a form that 1is
more easily studied and uvnderstood In my experience with high obligue
and vertical photos taken from low, high, and even orbatal altitudes, T
have yet to see a high obligue that was more useful for general geologlc
interpretation than a vertical photo, at suirtable scale, of the same
area.

AMthough the use of 1:120,000 scale aarphotos described above was
part of an investigabion to locate the most recent bresks along the
Garlock fault, the general position of the fault had earlier been
known throughout 1ts length (Jennings et al., 19623 Smith, 1965,
Dibblee, 1967). Had the Garlock fault and the geology of 1ts surround-
ings been completely unknown, a geologist would have been able ©o easily
discover 1t and determine most of 1ts extent from a cursory ranspection
of & few 1:120,000-scale photos, 1f not from orbital photos at
1:600,000 scale or so.

ANZ.A-BORREGO DESERT AREA

Coyote Creek Fault

Plate 3 (scale 1:145,000) shows an area along the eastern edge of
the Peninsular Ranges of southern California gbout 50 miles north of
the Mexican border. Traversing the photo from vight to left (A-A') 18
the surface rupture slong the Coyote Creek fault that accompanied the
Borrego Mounbain earthguske of Apral 8, 1968, Thais earthguake, which
was of Richter Magnitude 6.5, was the shrongest to occur an Californas
since 1952, The 1968 bresk extended the known position of the fault
roughly 12 miles beyond 1ts previously mapped southeastern end near
Highway T8 (B), at the lower raght corner of Plate 3 (Rogers, 1965).
However, a casual inspecbion of these photos when they were received i1n
December 1967, 4 months before the earthquske, revealed the fault at C
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and 1ts probable extension along the faint lineament out to D. Thus,
study of a few photographs that vere obtained for the purpose of in-
vestigating the San Jacinto fault system (of which the Coyote Creek
fault 2s a branch) quackly suggested an extension of the faulb beyond
1ts recorded location, an inference drematically verified a few months
later by the earthquske.

Without the photos shown on Plates 3 and %, the search for ex-
tensions of the fault beyond 1ts mapped extent st this Joeabron would
involve use of exisbing airphotos: +those of the Californis Division
of Highways at 1:90,000 scale, U.S8. Geological Survey at 1:25,000, or
U.S5. Department of Agriculiure at 1+20,000. Assuming the search to be
restricted bo a zone 5 miles wide, extending for 17 miles beyond the
then known end of the fault (roughly the width of Pl. 3), sterec cove
erage of that area by the three available types of photos would reguire,
respectively, 5, 20 and 33 photos. Obviously at least the first part
of such a search 1s most efficient using three 1:145,000 scale photos.

During the subsequent 1avestigation and mapping of the new bresk
formed Apral 8, all these other photos were used, but only after re-
connaissance by aireraft, with the help of the 1:90,000 and 1:145,000
scale photos (which showed the traces resulting from previous earth-
quakes), revealed the general exbent and location of new breakage. The
surface ruptures were plotted on 1:20,000 and 1:25,000 photos, but the
smaller scale photos were andispensable for estsblishing continuaty of
breaks, indicating locations that should be investigated for bresks, and
organizing such logistic problems as access to different parts of the
breagk,

SMALL-SCALE STEREO

The advantage of small-scale airphotos are greatly extended by
stereo use, which yields a 3-dimensional view of a very large area
Althouth topographically expressed features such as linesments are
generally obvicus on g sgingle photo, particularly if a2llumination s
favorable, the addaition of stereo may reveal otherwise obscure topo-
graphic lineaments or topographically expressed differences between
lithologic units

Moreover, problems dealing with the analyses of surfaces and their
relations to each obther and surrounding terrain may be more guickly and
eas1ly recognized and anglyzed with stereo photos then with a topographic
map. Plate 4 forms a stereo pair with Plate 3. The strikingly dis-
sected regiron of folded sediments in the vicimity of Fagh Creek Wash
5 to 10 miles west of the Coyote Creek fault preserves fragments of
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several levels of older alluviated surfaces, as abt B, F, and G. These
different levels may represent episodes in the tectonic history of
these mountaing and the adjacent Imperial Trough  Analogous surfaces
ex1st 1n many other drainsges of the region  Any attempt to understand
the history of the older surfaces regquires, among other efforts, correla-
tion of the exasting fragments, visualization of their probably former
exbent, apd 1dentafication of sources and direction of distribubtary
channels on thoge alluvial surfaces. A single stereo view of the entare
drainage containing the surfaces makes such tasks much easier, and may
reveal relations or lead to hypotheses that could not bhe gained by

other methods

For example, the stereo view leads divectly to such guestions as
the following: What 1s the relation of surfaces H, I, and J (PL.3) to
the two mgjor surfaces E and F? When during the history of these sur-
faces did the canyon at K become part of the drainage system® Do the
different surfaces represent distinct episodes of egquilibraum through-
ovt the drainage during its erosional history, or do they represent
preserved remnants of local egquilibrium duraing a conbinmuing process of
erosion whose intensity switches from place to place throughout the
basin as the major channels wmove laterally across the basin?

The single stereo view at small scale helps the investigator form
the questions that must be asked and helps him organize the task of
answering them by presenting a single, detailed three-dimensional view
of a large part of the system being studred.

A problem commonly arises whenever alrphobos must proviade a single

stereo view of a specific region As ordinaraly obtained, airphotos

of a region yield individual sterec models that overlap each other by
about 10 to 30 percent, in conbrast to roughly 60 percent overlap of
the individual photographs. Thus a geologic feature of interest such
as a basain might not coincide with a gingle stereo view, even though
1%s dimensions are small enough, because the photo centers fall in the
wrong places

The most practical way Lo overcome this problem 1s to use photos
at a secgle sufficiently small that the region of interest 18 small
compared to the area covered in a single stereo model. The smaller the
target area with respect to the coverage of the stereo model, the lower
the probability that it will be splat between two shbereo models, If
necessary, the feature can be enlarged for study in stereo, and photos
of larger scale can be used for investigating details of critical
parts of the basin,

Study of the dissected surfzces shown by Flates 3 and I would
probably be further helped 1f areas oubside of the stereo model shown
here, but still 1n the same 1mmedrate drainage basin, could be included
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1n a single view. Photos at 1:200,000 to 1:400,000 scale would probably
cover the necessary area, moreover, photos at even smaller scales would
show relavions between several adjoining basing, 1f they retained the
necessayy detail.

In the ghove example, the use of small-scale stereo models broadly
1llustrates the general relations bebween photos of different scales
and indicates how & problem in a relatively small aresa might bhenefit
from the availability of both high altatude and orbital photographs, in
addition to ordinary large-scale photos.

Si1erra Nevada
Glacizl Deposits

Mother type of geologic study 1in which a single stereo view of a
large region 1s valusble, 1s 1llustrated by Plates 5 and 6 (1:125,000),
which show the abundant Pleistocene glacial deposits near Virginia and
Green Creeks on the east slope of the Sierra Nevada Just north of Mono
Lieke., IFagure 4 1s a geologic map of part of thrs area. These two
drasinages conbain prominent latersl asnd termingl moraines of the Tahoe
and Troga Glaciations (early and late Wisconsan, respectavely) and large
areas of older 111 (Sharp, 1965, p. 753 Blackwelder, 1931, p. 898) and
moraines that may represent deposits of moxe than one pre-Tahoe glacia-
tion (Clark, 1967, ». 57).

A single stereo view reveals a possible relabion between some of
the older t1ll masses {moraines?) that lie beyond the Tshoe moraines of
Virginia Creek. The bodaes of 111 at A and B on Plate 5 are evidently
remnants of a pre-Tahoe right-lateral moraine from Virginia Creek.

From the photo, the t1ll body at C appears to be a remnsnt of the same
lateral moraine. This relation was not obvious to me or several others,
even after spending several days 1n the field eguipped wath 1:16,000
and 1:60,000 girphotos. We considered 1t as a possibility, yet 1t dad
not seem mechanically lakely. In particular, the canyon immedistely
west of the 4211, leading south to Mono Lieke, would gppear to compli-
cate the flow of any glacier in Virginaa Canyon, 1f not divert it away
from the 111 at C. Yet the small-scale stereoc view reveals a degree
of continuity between the tall masses at A, B, and C that strongly
suggests they are remnasnts of the same laberal moraine. By this
explanation the canyon west of the ti1ll at € would have been ghgliower
when the %111 was deposited, and was presumably filled with £111 of the
lateral moraine, subsequently ercded out. Thias hypothesis receives
strong support from the broad stereo view afforded by the small-scale
photographs.
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In Green Creek, the next drainage north, the small~gcale stereo
view reveals what appear to be reammants of latersl and terminal moralnes
(D) left by a large pre-Tehoe glacier. These presumed moralnes were
first detected onm a 1:60,000 photo (Plate 7) (Clark, 1967, p. 57), and,
it interpreted correctly, represent the best example yet known in the
Sierra Nevada of the preservation of moraines of a glaciagbtion older and
more extensive than Tahoe. As far as I know, the possible morainsgl
nature of the 42111 ab D was nobt earlier recognized on the ground or on
large-scale air photograpbs.

Addrtaional informabtion, not obvious on photos of larger scale, can
be seen on Plates 5 and 6., The crests of the older assumed moraines (D)
are distinctly lower than the enclosed Tahoe-Tiroga crests, 1mplying
relative down-faulting of the older 111 with respect to the mountain
front and sub sequent alluvigtion east of the resulting scarp. This
cauged the later Tahoe glacier to emerge from the mountain front rela-
taively haigher than the older, more exbensive moraines, ag evidently
happended also in Mono Basin, 20 miles to the south (Clark, 1967,
p. L1-k2), TIn both areas this relation was not recognized until a
s1agle stereo view on small-scale airphobos became avairlsble of the
entire morainal assemblage of each drainage.

Faults

Plabe 5 reveals faults heretofore unrecognized in this area., Two
gently curving disconbinuous tonal and topographic Ilineations, probably
related to faults bounding the eastern margin of the Sierra Nevada, are
quite noticesdble between E and B! on Plate 5. The upper lineation is
distinctly less apparent on 1:60,000 airphotog. Both are dafficult to
recognize on large-scale airphotog, and their conbinuity 1s not evident
on the ground. Their position is proper for range front faults, and
they are aligned with the mgjor range front scarps to the north and
south, The lower, more prominent of the two lineations st E-B' i1s com~
posed of vegetation contrasts (presumsbly in part controlled by ground
waxer), a few subdued and short topographic scarps, and i1rvegularities
in the otherwigse continuous moraine crests gbove Robinson Creek at the
northern end of the lineament. Considered andivadually, such features
are of lattle note. Vegetabion contrasts and small scarps abound an
this area, created by lathologic boundaries, jgoints, and minor strue-
tural irregularities., Indeed, an the field, the interrupted crests of
the moraines (representing three different ages, Sharp,, 1965, p. Th-76)
appear to be a result of local slzding., However, the remarkable align~
ment of so many features along E-E' strongly suggests a fault. A para-
llel, more comtinuous lineament, almost certainly a fault, is gt F-F'.
This feabure 1s also prominent on 1:60,000 scale photos (see Plate T).
None of these features, however, were detected during geologic mapping
of this area unbil the small-scale airphotos became available.
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ADVANTAGES OF USING SEVERAT, PHOTO SCALES IN A SINGLE AREA

During a reconnalssance field check of the glacial deposits,
three scales of vertical airphotos were used: 1:16,000 (Plate 8),
1:60,000 (Plate T), and 1:105,000 (flown by USAF, but not shown). The
photos of Plates 5 and 6 (1:125,000) were obbained after field work
was finaished. The 1:16,000 photos were the base for recording field
informabtion and 1nvestigabting dafferences between adjacent lgteral
moraines of the same drainage. FPlate & shows the Tioga terminsl mor-
aine (latest Wisconsin) of Green Cresk and surrounding older moraines.,
1:60,000 photos (Plate T) proved valusble for comparing some of the
moraines of adjacent canyons; for example, the Tahoe and Tiogs moralines
of Virginig Creek to those of Green Creek. They were also valusble for
discovering some of the favlts (e.g., F, Plate T7) and checking detail
of structures seen on the smaller scale photos, However, the 1 60,000
photos did not extend far enough to show obvicusly the continuity of
the main range-front fault system, or permit convenient comparisons
between the moraines of Green Creck and those of the next drainage
north, Robinson Creek. These regional structures and relations show
best on the 1:125,000 photos (Plates 5 and 6) (The 1:105,000~scale
photos mentioned zbove divided the moraines of both Vairganiz and
Green Creeks between two adjacent flaght lines, hence were much less
satisfactory then the 1:125,000 photos). Photos at scales of
1:200,000 to 1:400,000 would be very valusble to any study of the
structural setting of the Virginia-Green~Robinson Creek area. Such
photos would show the orientation and continuity of faults and joints
of this region in relabtrion to the structure of adjorning parts of the
Sierra Nevada and the ranges iummediately to the east.

San Andreas Fault
Carrizo Plsain

Smzll-scale airphotos have proven useful in the study of the
tectonie settings along faults., R. B. Wallace (1968, wratten commun.)
has evaluated small-scale photos of the San Andress Tault where it
traverses the Carrizo Plain in central Celifornia (A-A', Plates 9 and
10, 1:133,000 scale). He had previously made a detailed study of the
fault in this region, aided by anrphotos at scales of 1:6,000 and
1:2L,000. Subsequently, using the small-scale photos, Wallace dis-
covered several lineaments (parallel to B-B', Plate 9) that he had not
carlier recognized near the fault; although once located, he could
1dentafy them on the larger scale photogs. He also noted that features
more then one mile long were more easily 2dentified on the small-scale
photos than on large-scale photos and suggested that & distinchtive
feature 1z enhanced by a certain amount of nondistincetive or random
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background pattern  For example, a lineament becomes more apparent
when 1t 18 obviously longer than the randomly oriented linear elements
of the local terrain. BSuch recognition requires a single view signif-
wcantly larger than the size of the random elements  Thus, Wallace
was more easily able to recognize landsiide scars 1 to 1-1/2 miles
across at (C) and vague but persistent folds at (D) on the 1 133,000-
scale photos than at larger scales.

The detarled field studies completed by Wallace prior to receiving
the small-gcale photos included examination of stream channels offset
were obvious during a rapid scan of contact prints of the small-scale
photos, and offsets as small as 50 feet vwere apparent wath 2 to 3X
magnification., On the photo, these distanceg are roughly 0 O3 to
0 05 inch and O 005 inch, respectaively  Hence, at thig location, the
practical 1imit of resolution on a contacht print for an offset linear
topographic feature is about 005 inch (roughly O 1 mm), or 50 feet on
the ground  Somewhat smaller offsets are probably evident on the filmw
negative., Significantly better resolution is presumably attainable
with other camerag and films

Morever, for the recognition of linear patters, 9-inch contact
prints at a scale of about 1 130,000, offer a minimum length of ll-miles
of terrain in stereo and 18 miles 1n a single photo  Whether a geolo-
gist can recognize a given feature in these digtances depends on the
characteristics of the Teature and the surrounding terrain and the skilil
and experience of the user

Cholame Valley

Plates 11 and 12 (scale 1 133,000) show the San Andreas fault in
Cholame Valley, about 50 miles northwest of the Carrizce Plain shown on
Plates 9 ant 10, This segment of the fault ruptured with several
inches of right-lateral offset at the surface during the earthquakes
of June — August, 1966 (Brown et al , 1967), however, the part of the
fault on the right half of Plate 12 1g difficult or impossible to detect
at this scale. (Plates 11 and 12 were taken in November 1967, after
the earthquake.) The recently active traces are evadent on large-scale
photos, on which they were located by both Dickinson (1966} and Brown
before the 1966 movement  The active traces were mapped 1in more detail
after the earthquake, again using large-scale photos {Brown et al ,
1967, p 10).

R D Brown, Jr (written communication, 1968) has inspected
Plates 11 and 12 He pointed out that scarps and mounds 1 to 2 feed
high, small contrasts in vegetation and depressions mark the active
trace in the places where 1t 1s not visible on these Plates  Apparently
these features or their linear nature are too small %o be evadent
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at 1 133,000 scale Thus, although the San Andreas fault 1s a thorough-
going lanear feabure in this region, plainly visible on large-scale
airphotos, 1t does not show locally on the high altitude photos if the
elements that mark i1ts position are too small to be resolved or recog-~
nized

However, Brown found other characterastics of the high altitude
ai1rphotos that made them valuable to a study of the fault in the Cholame
Valley area  One feature the photos show, as a result of their broad
but relabively detailed view, 1s the systematic deflection of many
northeast-trending channels at B (Plate 12) The deflection 1s appar=-
ently the result of right-lateral deformation of downsgtresm reaches of
the channels., This relationship was not obviocus either on the lamited
coverage of large-scale airphotos or the generalized topography of a
1 62,500-scale map

Another characteristic Brown noted i1s that the large stereo view
of the high altitude phobos reveals a broad btut discontinuous alluvial
surface northeast of the fault (C) ‘that i1s now being dissected, appar-
ently as a result of recent fault movement  As has been pointed out
elsewhere 1n this report, this relation can bhe gleaned from topographic
maps or a mosalc of larger scale aixphotos, but not nearly as easily
nor are the relations as obvious as on small-scale sterec airphotos

Flow Patterns in Water

Small-~scale photos have proven useful in the study of patterns of
t1dal currents. Cameron (1961) described the use of 1 80,000 photos
1n such studies near New Brunswick The U 8 Geological Survey has
employed the small-scale photos described in thig report to record the
distribution and flow patterns of sugpended particles in San Fraucisco
Bay Plate 13 (1 140,000) shows the southern part of the bay. Three
such pictures, taken within about 5 mimutes of each other, cover the
entire bay, effectavely recording flow patbterns and relative sediment
distribution during that tame interval. A series of thege pictures,
taken at different times during a tidal cyele, at different seasons and
durang periods of umusual runoff, would record a wide range of current
and sediment condibions.

If 1t had sufficirent regolution, a single photo at a scale of about
1 k00,000, covering the entire bay, would be the most efficient way of
making thig particular study. Perhaps suitable photogs will be available
1n a few years from satellates  However, at present, high altitude
photos offer the best way of accomplashing thig work.

Morsover, an instantaneous view of a large area might be ugsefud
in studies of the waxing and waning of floods, waver patterns, eolian
transport, of any other phenomenon characterized by rapid changes over
a large srea



8-13

SIMMARY OF GEOLOGIC USEFULNESS

The foregolng exsmples of geologic uses of small-scale airphotos
are lamited 1n scope and application, yet, hopefully, they i1llustrate
the general utility of these photos in work on geologic problems  Un-
fortunately, none shov clearly an 1mportant attribute of small-scale
photos 11lustrated and emphasized by Hemphall (1958, fig 6), that a
broad view wmay reveal subtle but pervasive regional differences between
lithologre umits in topography, reflectivaity or vegetation ( expressed
as photographic texture or tone)

Summarizing the uses i1llustrated azbove

1 High-zaltatude, hagh-oblique airphotos show vast dreasg in one vieyw,
introducing a geologist or his audience to the salient geographic
and topographic attributes and many geologic features of an area

2 Small-scale vertical. airphotos

a Offer the most efficient method of discovering the major topo-
graphic features and, commonly, important structural and
lithologic characteristics of new or wmifamiliar terrain

b Show a broad region in one 3~dimensional viey that may reveal
relations or suggest geologic hypotheses not otherwise apparent

¢ May reveal features of such extent, subtlety, or discontinuaty
that a broad view 15 necessary to recognize them

d Instantaneously record rapidly changing conditions over large
areas, such as tidal flow and surface wind patterns

Anyone can correctly argue that nearly any feature displayed by or
"discovered" on small-scale airphotos, can be recognized by an experi-
enced and astute geologist using a topographic map and large-scale
photos or field investigation  The major claim made i1n this report 1s
that small-scale photographs furnish the geologist with another tool,
that helps make geclogic features evident to him and thereby wakes him
more effective, eirther by saving time or by revealing relations he might
otherwise mss because of lack of experience or astuteness

BESOLUTION AND SCALE

High resclution appears to he an amporbant aspect of the usefulness
of small-scale photos, particularliy 1f a feature 18 expressed by small,
discontinuous elements that reguire such resolution for detechion
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Furthemore, an cbserver nearly always wanis a closer look at any fea-
ture of interest Magnifying a high resolution, small-scale image 1s
nearly always more convenient than switching to another air photograph
taken at larger scale

Conceivably, in a few situations the detail resulting from high
resolution of small features might obscure more subtle, larger elements
of a photograph. It i1s always possible {0 degrade resclution or change
tonal contrast of prints i1n order to search for things thus hidden,
rather than to specify or accept inferior resolution in the original
photos

Thus, the most versatile airphoto would be one taken at the smal-
lest useful scale and capable of magnification to the largest practical
scale for a given project. Buch an i1deal i1s most closely approached by
using very fine-grain films that yield transparencies, which in turm are
analyzed on light tables equipped with high magnification stereoscopes
A far more practical solution for most geologrsts, however, is to trans-
late this 1deal into tewms compatible with his equipment and methods

For most geologists a major advantage or airphotos is their ease
of use in the office and in the field Convenient use of the informa-
tion on arrphotos in such locations vartuslly demands pyants rather than
transparencies and light tables, and simple 2X to 4X magnifying ster-
eoscopes rather than bulkier stereoscopes of higher magnification
Prints and simple stereoscopes can be and are used almost anywhere by
geologists. Faced with the option of using high resolution transpar-
encires plus a high magnification stereoscope as opposed to prints at two
scales yielding the same infommation with a low magnification ster-
eoscope, I suspect most geologists would pick the latter as being more
convenient for their type of use Such an attitude will prevail untal
transparencies become as easy to view, annotate, and carry, along with
the necessary stereoscopes, as are prints and common stereoscopes

The useful Iomt of magnafication for ordinary paper prints of most
airphotos 1s about A, based on my comparisons between magnified small-
scale photos and wmagnified photos of larger scale (e 2., Plates 5, T
and 8) Hence, the most effective usge of small-scale photographs for
geologic field work dactates that they bhe available in scales daffering
by roughly a factor of 3 The geologist should pick the large-scale
photos best suited to his project and then attempt to secure smaller
scale photos according to the above guide. Thus, in the progect de-
scribed earlier at Green Creek, photo scales of 1 16,000, 1 60,000 and
1 125,000 are reasonebly close to the 1 16,000-1 50,000-~1 150,000~
1 450,000 scales suggested as most surtable Hopefully, such a spread
1n scales permits the most efficient transitaron from one scale to the
next larger and allows small-scale views of features of a wide range
of sizZes
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Wath scale ratios of 3 1, each photo of one scale covers 9 times as
much area ag those of the next larger scale Once coverage 15 obtained
of an area at the largest, "working", scale, additional coverage at 1/3,
1/9, and 1/27 of that scale means an increase in the total number of
photos for the project of 11, 1 2, and 1lU percent, respectively  These
are guate small increases in view of the potential benefits to be gained,
assuming the small-scale photos already exist, and do not have to be
flovm for the project.

MOSATICS

Various types of assembled large-scale photos, from photo indexes
to carefully mabched and controlled mosaics, yield a single view of
large areas, and are commonly reduced to scales of 1°100,000 or smaller.
Such mosaics may be very useful in the absence of single small-scale
photos, but 1n comparison to the latter, wosaics have two magor dis-
advantages

1l Inne and tone daiscontinwaties bebween adjacent photos greatly
reduce the usefulness of assembled photes. Minamizing or
eliminating these disconbinuities i1s difficult and expensive

2 A wmosailc of photos cannot be viewed stereoscopically. Most of
the applications of small-scale photos described in this re-
port would have been more difficult, and some would have heen
1mpossible without stereo. Hence, mosaics would have been
a poor substitute anh these applications.

Of course, mosaics of small-scale photos will be valueble in cer-
taan regions until oxrbital photos that cover the same area become
available Once aircraft and satellite photos at all scales becone
avallable for the entire earth, mosaics will likely become obsolete
except for such uses ag world photomaps or cloud-free images of an en-
tire hemisphere.

AVATTABILITY OF SMATT-SCATE ATRPHOTOS

The 1 60,000-scale aarphoto covers most of the U S  They were flown
in the 1950's with 6-inch lenses and are sold b the Map Information Office
of the U 8 Geological Survey in Washington, D ¢  Airphotos of smaller
scale, such ags ‘the California 1 90,000 photos, are available for a few
areas. As far as I know, all are larger than 1 100,000 scale. The
series of 1 125,000 to 1 145,000~scale vertical and corresponding high
obligques described 1n this report are available for research purposes
from the U 8 Geological Survey an Manlo Park, California.
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Although present nonmilitary Jet airreraft cannot attain the al-
t1tudes from which the vhotos 1n thas report were taken (ca. 70,000
feet), operational commercial jet photographic aireraft equipped wath
"superwide~angle" cameras will yield comparable scales  These air-
craft can operate near 50,000 feet (Bock, 1968). "Superwide-sngle!
lenses have a focal length of about 5~1/2 inches that produces a
O-1nch image, and have been used for years +the 1 60,000 Calaifornia
photos were made with such a camera in 1964, At 50,000 feet above
the surface a superwide angle lens yields an image scale near 1 175,000,
Thus, operational commerclsl air photographic equipment can presently
produce gcales smaller than those of the photos in this report

Such a system, in essence, has been i1n use since mrd-1968 by the
Phoenix Research Unat of Water Resources Davision of the U.S Geological
Survey. Menmbers of that group modafied a T-3%3 jet trainer to accept a
KA-50A superwide—angle camera loaned by the U 5. Wavy. The camera uses
S-anch yoll film and has a I—B/M inch focal length lens, yielding the
same growmd coverage as does g 3H1/2 anch lens on 9-1/2 inch roll £ilm
from the same altitude

The camera was obtained from the Wavy specifiecally for this
evaluation of small-scale airrphotos and a related study of small-scale,
low sun angle airphotos. However, the Phoenix Research Unit has since
used the camera and aircraft for many other projects involving collec-
tion of hydrologic and geologic data. Virtually all the photos are
taken from about 35,000 feet, yirelding scales of roughly 1 120,000 on
9-by-9-inch enlargements, The Phoenix Unit finds that fThe smaell-scale
photos commonly offer The best% way of studying such hydrologic phenomens
as water flow, wave patterns, flooding and pollution.

Plate 14 shows a 2X enlargement of a portion of the Garlock fault
taken waith this camera from about 22,000 feet. The picture was one of
a series obtained in early morning to study small-scale photos taken
with a 6-inch lens ("normal” wide-angle) on 9-1/2-inch film from roughly
twice the altitude. The flight lines and ground coverage were nearly
the same for the two flights, but the sun angle 1s quite different

The purpose of Plates 1k and 15 1s to compare the effectiveness,
for geologic purposes, of the photographs taken by cameras with
superwite-and wide-angle lenses Unfortunately, the great difference
in 1llumination between the psirs prevents any meaningful comparisons
of tonal differences However, there is lattle reason to believe that
focal length should significantly affect the rendition of tone con-~
trasts. Furthermore, a careful comparison of sharpness is dafficult,
because no control existed over such factors as type of film, camera
vibration, fi1lm processing and pranting. Resolution should, however,
deteriorate more rapidly towards the sides of the 1mzge of the shorter
focal length camera, other thangs begin equal { Gruner and others 1n
Thompson, 1966, p 86).
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As far as geologic 1nterpretation 1s concerned, the primary dif-
Terence between the images 1s the greater parallax in those made yith
the shorbter focal length lens Greater payallax leads Lo greater ap-
parent stereo relief and increased relief distortion (Ray, 196h, p 1h).
In most of the examples cited in this report, exaggerated relief would
make interpretation easier. Certainly this 15 so when the problem in-
cludes identifaication of geologic features that are expressed topograph-
1cally Exaggeration also helps in the study of old erosion surfaces
by more clearly separating those at dafferent elevations, On the other
hand, exaggeration and distortion of relief would be detrimental vhen
features marked on arrphotos are transferred to maps with a reflecting
projector rather than by inspection or wath a plotter

A potential disadvantage of short focal length lenses arises in
areas of rugged topography because some parts of the surface may be
hidden from the camera  Waith respect to a 9-1nch square image size,
a camera with 6-inch lens has a 90° field of view between opposite
corners and about T4® between opposite sides, whereas a 3-1/2 inch
lens (or 1-3/4 inch lens wath a k-1/2 1nch image) includes about 120°
between corners and 104° between sides (Fig 5) This means that a
camera wath 3#1/2 inch lens will not "see" slopes steeper than 380 that
are facing away from the camera along the sides of the flight path,
whereas a camera with 6 inch Lens will miss only those slopes sheeper
than 53° along the edges of the flight path. Of course, the smount
of terrain thus hidden from the camera will be reduced 1f there are
adjacent, overlapping fiight lines. Thus, in general, the amount of
terrain hidden from a 3—1/2 inch lens 13 small except in very steep
terrain.

Some of the remarks about relief and hidden slopes are allustrated
by Plates 1t and 15 Tops and bottoms of both pairs of images extend
fully to the edges of the original photos. The increased rellef and
relief distortion and poorer resclution in 14 1s obvious But also
notice that lattle information 1s mrssing an Plate 14 from the slopes
along the edges as compared to Plate 15, because of the low angle of
V1EW.

Thus, a camera with a short focal length lens appears to bhe gener-
ally smtable for geologic interpretation except i1n areas of particu-
larly steep terrain or for problems 1n which relief distorfion must be
mnimized Even then, however, such disadvantages can be removed, by
using suffacient side lap bebtween adjacent flight lines to elimnate the
need to use the edges of the photos

Although all of the photographs evaluated for this repoxrt were
taken 1in black and white, color should be entirely suitable for small-
scale airphotos, either from high altatude (ca 70,000 feet) or from
medium saltitude with superwvade-angle lenses Certarnly the excellent
quality of color pictures from Gemini and Apollo spacecraft indicates
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that high sltaitude does not significantly dimainish the usefulness of
color photographs for the study of the surface of the earth. Moreover,
given proper anti-vignetiing filters, supexwide angle lenses should also
be sble to produce good color pirctures (e.g , Duddek, 1968, p. 158-160)
Indeed, the Phoenix Research Unit of the U 8. Geological Survey has
routinely and successfully used Eastman type 248 Ektachrome and 84l3
Infrared Ektachrome with the superwide angle camera described gbove, at
altitudes up to 35,000 feet.

Hence aarphotos an both black and white and color, at scales as
small as 1 175,000 are within the present capability of commercial
aerial photographers. Smaller scales from airrcraft gwait the routine
and wmeclassafied use of superwirde angle cameras in high-altitude mili-
tary aireraft, or the availabilaty of this type of sirecraft to private
firmms At 70,000 feet a superwade angle camera wath g 9" square image
y1elds a scale of 1 240,000 Such photos could be useful in many pro-
Jects today, 1f they were avairlable

OTHER USES OF SMALL-SCALE ATRPHOTOS

Digeiplines other than geology may find small-scale airphotos
useful Surveys of large regrons for cartography, forestry, agricul-
ture, land and resource management, and urban planning could use small-
gcale airrphotos 1f resolution 15 sufficient to the task For example,
the U.S. Geological Survey selecied the 1 140,000 high-altitude photos
described in this report as the most rapird, economical and accurate
method of revising 1 290,000 scale maps 1n the San Francisco Bay area to
show shorelines changed by landfill operations, and new highways  The
high-altitude photos were chosen because they contained the necessary
wnformation in the smallest number of photos, and offered a more effa-
cient source of the information than alternatives such as large-scale
maps or other types of records.

Moreover, 1t 18 likely that many of the photographic projects con-
templated for earth resources satellites (e g., Badgley and others,
1967}, could be effectively carried out now by the systems described in
thais report. Certainly i1f small-scale orbaital photos are claimed to be
a more effective or efficient way to do some tasks presently accom-
plished by large-scale airphotos, then currently available small-scale
airphotos will also be more gffective and efficient for such tasks
Moreover, projects of a regional nature which are contemplated or pro-
posed for satellites because they cannot be reasonably or pracitically
carrred out now by large-scale arr photographs, might effectively be
done now by airphotos of the scale described in this report
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The first eaxth resources satellites will probably secure photos at
small scales, perhaps 1 500,000 to 1 1,000,000 (for a 9-inch image s1ze)
and televise them to earth {Report for the committee on NASA oversight,
1968, p 24-25). As explained elsewhere in this report, these photos
will be most useful 1f studied along wath photos at 3 to b times their
scales Presumably, earth satellrtes will eventually be able to produce
vertical photos which range i1n scales from a single view of an entire
hemisphere to the larger scales commonly used now 1n aerial photography
Furthemmore, increases 1n resolution of the image transmission system
of the use of film recovery will likely make photos from orbit as good
as those obtainable from aircraft

Eventually a resources satellite will probably be capable of pro-
ducing all the photographs necessary for detailed geologic studies of
any region  However, thig does not mean that a satellite will be the
most economical or efficient way of obtaining all the necessary photo-
graphs Certainly, during the development of orbiting photographic
systems there will always be a scale larger than which aircraft systems
are most economical. This "boundary scale'", separating practical air-
craft and orbital photographic systems, will doubtless become larger as
satellite photographic systems develop  However, it will probably be at
some value large enough to require general use of airrcraft-mounted
cameras for at least a decade or several decades, assuming we employ
airrcraft and satellite camera systems as they are presently conceived.

The small-scale photographic systems described in this report are
not in i1mmediate danger of being replaced for earth resource studies,
by cameras in orbit Earth resource satellites are not yet operating,
and when they do, early models are not likely to produce i1mages with the
scales or resolution of the photos described in this report

Thus, the small~scale airphotos have a definite use now and perhaps
for years to come 1n earth regource work. Hopefully, this report will
stiamuiate users to erther obbain and use available small-scale gerial
photos or order such photos flown Ffor their projects, using available
aircraft and cameras.
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Fagure 8-1 - Locatirons and approximete coverage of high altitude photo-
graphs shown i1n figures and plates
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Figure 8-2.- Oblique photo taken from 60,000 feet. View is eastward along
the Garlock fault (A-A'), which separates the Mojave Desert to the south
from the Great Basin region to the north (see also Fig. 8-3). Although
not active in historic time, the Garlock fault exhibits many of the same

’ surface features as the active San Andreas fault, including offset stream

channels and aligned scarps, valleys, trenches and depressions, all of
which make it conspicuous in Figures 8-2 and 8-3. Over this large area
the photo shows the positions and varied relations between eroded hills
and mountains, their surrounding alluvial aprons and the playas at the
lowest points of many closed drainage systems. Details of tone and
erosional texture permit discrimination and tentative identification of
lithologic units such as the dark volcanic rocks at B. (Locations of
figures and plates are shown in figure 8-1.)



Figure 8-3.- (1:120,000). Small-scale view of the Garlock fault (A-A')
near Searles Valley. Cloud shadows obscure detail of volcanic rocks
in the southwest corner at B. Shorelines of Pleistocene Lake Searles
are evident at C; the modern playa is just beyond the north edge of
the photo.
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Plate 8-1.- (Scale 1:120,000). Koehn Lake, a playa crossed by the
Garlock fault. Scarp A and lineament B are aligned with the prom-
inent scarp of the fault at C. Scarp at D and tonal lineament at E
are aligned with the portion of the fault that extends to the south-
west beyond the photo (see Plate 8-2 ). Squares show coverage of
existing 1:32,000 and 1:20,000 photos.
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Portion of the Garlock fault (A-A') south-

,000).

By R Ty

Plate 8-2.

west of that shown in Plate 8-1 .
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Plate 8-3.- (l:th,OOO). Southeast end of Coyote Creek fault., South-
east part of the surface rupture of April 9, 1968 earthquake is at
A-A' (northwest portion of the rupture is on Plate 8-4). Previously
known southeast extent of fault is at B, Lineations at C and D were
identified on this photograph as probable extensions of the fault
before the earthquake. E through J are o0ld erosion surfaces. K is
the canyon of Fish Creek Wash.
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Plate 8-k4.- (l:th,OOO). Southeast portion of Coyote Creek fault.

Plate 8-4 forms a stereo pair with Plate 8-3. Line L-L' is the
northwest branch of the main surface rupture of the Borrego Moun-
tain earthquake of April 9, 1968.




Plate 8-5.- (1:125,000. See Figure 8-4 for map of this location.)
Mono Lake and drainages of Virginia and Green Creeks, A, B and C
are remnants of a postulated pre-Tahoe moraine of Virginia Creek.
Curved ridges at D appear to be lateral and terminal moraines of
an extensive pre-Tghoe glacier. Lineations at E-E' and F-F'
probably part of the range-front fault system of the Sierra Nevada.

are
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Plate 8-6.- (1:125,000). Bridgeport Basin.
stereo pair with Plate 8-5,

Plate

8-6 forms




Plate 8-T.- (1:60,000). Green and Virginia Creeks. Location shown
on Plate 8-5. Lineaments at E-E' and F-F' may be part of the
Sierra Nevada range front fault system.
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Plate 8-8.- (1:16,000). Wisconsin moraines near Green Creek.
Location shown on Plate 8-5.
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Plates 8-9 and 8-10.- (1:133,000). San Andreas fault (A) at Carrizo Plain. Both
plates show several stream channels offset by the fault.




Plates 8-11 and 8-12.- (1:133,000). San Andreas fault (A-A') at Cholame Valley. A group
of deflected stream courses is at B. C is an old erosion surface, now being dissected.

9t-8
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Plate 8-13.- (1:140,000). Southern part of San Francisco Bay. San
Mateo Bridge is at left center, and San Francisco Airport at top
right. Three photos of this series record major surface water flow
patterns of the entire bay.
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PLATE 14

Plate 8-14.- (1:120,000). Stereo pair of Garlock fault zone taken
with superwide-angle lens (1-3/4" focal length on 5" film; en-
larged X2) from 35,000 feet.
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Plate 8-15.- (1:120,000). Stereo pair of Garlock fault zone taken
with normal wide-angle lens (6" focal length 9 1/2" film) from
60,000 feet.
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ABSTRACT

The synoptic presentation of side~looking radar systems i combination
with an obligque angle of incident ":llumination® has provided enhancement of
certain topographically expressed geologic features (such as faulits and linea-
ments) which were neither obvious, nor interpretable on conventional aeral
photography Multiple 1magery passes were not available for most areas pre-
viously studied, thereiore, the capability for repeatedly recognizing these
anomalous geologic features on multiple 1maging passes, and the influence of
a preferred look-direction (direction orthogonal to the ground track of the air-
craft) could not be investigated. The recent availability of multiple flight cov-
erage irom eastern Panama and northwestern Colombia, however, has provided
sufficient data for a semi~quantitative look~direction analysis in which the
detection of certain geologic features under a variety of terrain conditions has
been examined The geologic features selected for this study are faults, joint
systems, and dip slopes.

Specific examples from those areas of the United States (NASA imagery)
with muliiple pass coverage are compared with the data obtained from the
Panama imagery, and it 18 apparent that look-direction does influence the de-
tectability of certain geologic features. Depending on the relative topographic
relief, effective incidence angle, and look-direction, geologic features can be
advantageously enhanced or can be completely suppressed Geological recon—
naissance in poorly mapped areas will necessitate 1maging from four orthogonal
look-directions to provide maximum terrain information However, where the
terrain configuration or structural grain has already been determined, trade-~
offs between depression angle, range position, and look-direction will provade
near optamum data retrieval with only two imaging passes



INTRODUCTION

During the past year, because the University of Kansas has not received
radar imagery generated for the NASA-ERS Program, our geclogical studies
have been concerned primarily with the analysis of previcusly obtained K-band
and a Inmited amount of C-P and L-band imagery These investigations have
concentrated on determining the value and effect of polarization, look-
direction, depression angle, and frequency in the geological interpretation of
radar images The University of Kansas technical reports, which were submit-
ted to NASA within the past vear have generally emphasized the use of imag-
ing radars for structural analysis, (Dellwag, et.al , 1968, Jefferis, 1969a,
Tefferis, 1969b, Gillerman, 1969} however, one study (Dellwig, 1968) was con-
cerned with an evaluation of long-wavelength 1magery, and 1t appears there
will be a real value in multifrequency imaging for geological reconnaissance
studies In previous studies, polarization has been shown (Gillerman, 1967)
to be useful in some cases as a lithologie discriminant, but comparison of re-
sults in different geologic environments shows that a unique signature 1s not
usually available from multipolarized K-band imagery

The goal of future research will be to demonstraie the necessity and rele~
vance of controlled experiments 1n which specific radar parameters are varned
over selected geological test sites These experiments will be conducted in
different terrain environments where detailed geologic ground studies have
already been completed The importance of such controlled experiments can
be readily realized when the results of a recent look-direction analysis {(con-
ducted during the last year at the University of Kansas) are examined (Mac-
Donald, 1969)

Most investigators involved with radar imagery analysis are familiar with
the fact that the synoptic presentation of side-locking radar systems in combi-
nation with an oblique angle of incident "1llumination" has provided enhance~
ment of certain topographically expressed geologic features (such as faults
and Iineaments) which were neither obvious, nor interpretable on conventional
aerial photography Muliiple 1magery passes were not available for most areas
previocusly studies therefore, the capability for repeatedly recognmizing these
anomalous geoclogic features on multiple imaging passes, and the influence of
a preferred look-direction (direction orthogonal to the ground track of an air-
craft) could not be investigated The recent availablity of multiple flaight
coverage from eastern Panama and northwestern Colombia, however, has pro-
vided sufficient data for a semi-quantitative look-direction analysis in whaich
the detection of certain geologic features under a variety of terrain conditions
has been examined Although the bulk of the imagery used for this study was
not gathered specafically for the NASA-ERS Program, the resulis of the experi-
ment are directly applicable for future mission planning It 1s the purpose of
this presentation to relate both the conclusions derived from this look-direction
study and tc emphasize the pertinence of similar experiments for future NASA-
ERS radar studies Hopefully, thesge studies will permit specification of space-
craft imaging radars for geologic purposes



RADAR PARAMETERS

Radar imagery provides terrain data in a format approximating a three-
dimensional strip map Because of the areal coverage generally supplied by
radar imagery, the geologist can integrate subtle terrain features over large
areas to extract useful information The characteristics of side-looking radar
suggest that look-direction! plays an important part in the detection of geo-
logic features The recent availability of muliiple flight coverage of eastern
Panama and northwestern Colombia has provaded the first significant amount of
radar imagery for an effective study of the influence of look-direction A semi-
quantatative analysis of the data will be presented later, but first, in order to
understand why certain geologic features may be either enhanced or suppressed
on radar mmagery, specific fundamentals of radar operation and imagery inter-
pretation must be understood

The basic system operation of a typical side~looking airborne radar sys-
tem (SLAR} 1s i1llustrated in Figure I The antenna (&) 1s repositioned laterally
at the velocaty of the aircraft (Va) Each radar pulse transmitted (B) returns
signals from the targets within the beamwidth These signals are converted to
a time/amplitude vadeo signal (C) which 1s 1imaged as a single line (E) on pho-
tographic film (F) Returns from subsequently transmitted pulses are displayed
on the CRT at the same position (D) as the previous scan lines. By mowving the
photographic film past the CRT display line at a velocity (V§) proportional to
the velocity of the awcraft V), an image of the terrain 1s recorded on the
film (F) as a continuous strip map

Radar provides 1ts own "illumination, and when the criteria for radar sha-
dowing are met,2 shadows are always created on that side of the terrain fea-
ture most distant from the transmitter When terrain features are enhanced on
radar rmagery, the enhancement can usually be attrzbuted to radar shadowing.
Analogous examples of shadow enhanced terrain features have been observed
on satellite photography taken at fimes of low sun angle From orb:ital alii-
tudes, particularly with the analysis of obligue images, shadowing from low
angles of solar 1llumination has proven useful for accentuating otherwise sub-
tle relief features The geometric parameters of SLAR 1maging systems are such
that along the swath width of an area ymaged (near to far range), there 1s a con-
tinuous change in the angle of incidence 3 (Fagure 2) SLAR systems which
image the terrain at comparatively low incident angles provide shadows analo-
gous to those formed on aerial photographs taken at comparatively low-sun

1 Direction orthogonal to ground track of the awrcraft
2 When terrain back slope exceeds depression angle (see Figure 2)

3 The angle of mncadence, 6,15 that angle formed by an impinging beam of
radar energy and a perpendicular to the incadent surface at the point of inci-
dence The angle between a line from the transmitter to a point on the terrain,
and a horizontal line passing through the transmitter i1s the depression angle
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angles, however, on radar imagery, the shadowing of terrain features (of eqgual
height and equal terrain back slope) increases from near to far ranges (Figure 2).
Thus, a terrain feature exhibiting extensive shadowing in the far range, may

be completely "1lluminated" in the near range

SLAR systems use either a slant range or ground range presentation on
their amage recording CRT indicators For this study, slant range imagery was
used exclusively for analysis, and consequently the spacing between return
signals on the image were directly proportional to the time interval between
the terrain features being recorded SLAR systems are designed to produce im-
agery with minimal scale distortions, however, aside from certain flight para-
meters which may influence image geometry, the most obvious distortion on
slant range 1magery 1s the continuous scale change in the range direction{ortho-
gonal to ground track). Figure 3 illustrates the geometry of a square gnd pat-
tern that 1s crossed by two diagonal features, in one case showing the ground
range geomefry, and in another example the slant range geometry In the far
range, on the slant range display, the distance between adjacent points varies
only slightly, whereas in the near range, large scale changes occur Of par-
ticular importance to the geologist 1s the realization that linear terrain fea-
tures (such as faults, joint systems and lineaments) which are oriented eather
parallel or normal to the flight path would normally show no distortion in orien-
tation, whereas those features oriented obligquely to the flight path will have
considerable orientation distortion in the near range The near range compres-—
sion and its resultant effect on the portrayal of geometric shape 1s illustrated
in Figure 4, where the outlines of several i1slands in the San Miguel Bay area
of Darmen Province, Panama have been sketched directly from the radar imagery
Using mmagery from si1x different flights, the ocutline of the 1slands show great
drstortion in the extreme near range (flights A, F), moderate distortion in the
near range (flight E), and somewhat uniform cutline in the mid-range (flights B,
C, D) The apparent elongation of these 1slands parallel to ground track (flights
A and F) 1s of particular significance to the geologist concerned with delinea-
ting linear landforms which might be indicative of structure

Evaluation of radar-derived terrain parameters presents a multi-variable
problem Even when the inherent distortions of radar imagery are ignored, the
quantification of radar-derived, geological parameters 1s complicated by 1) the
divergent terrain environments in which these parameters are expressed, 2) the
intricate relationship between terrain parameters and the radar return signal
recorded on the imagery, and 3) the highly subjective approach necessary for
the initial selection and identification of any geologic parameter interpreted
from radar imagery Noting these qualifications, an evaluation of multiple
flight coverage from eastern Panama and northwestern Colombia has provided
sufficient data for a semi~quantitative look-direction analysis in which the
detection of geologic features under a vanety of terrain conditions was exam-
med.
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LOOK-DIRECTION ANALYSIS

Many examples have been cited in the literature where radar has
actually defined structural features such as lineaments and faults which had
not been previously detected using normal geological reconnaissance methods
(Dellwig, et al , 1968, Kwk and Walters, 1968, Hackman, 1966, MacDonald,
et al., 1967, Snavely and Wagner, 1966, Levine, et al , 1966, Dellwig, et al.,
1966, and Cameron, 1965) Unfortunately, multiple 1maging passes were not
available for these studies, because most areas were covered by only a single
strip of imagery, the aspect of repeatedly recognizing anomalous terrain
features with multiple flight coverage from different look-directions could not
be documented

The recently obtained (1967) radar imagery of eastern Panama and
northwestern Colombia provided multiple imagery passes {in most cases four
orthogonal look~directions and in all cases, at least two) over the entire
region Fortunately, the mmnagery was also collected during a three week time
period which eliminates any speculation about seasonal changes which might
have influenced the rain forest canopy, and thus affect the return signal on
the radar imagery

The Panama imagery includes both extensive areal coverage and mul-
tiple passes which provide a sufficiently large sample of data for a semi-
quantitative analysis Unifortunately, due to the classified nature of this
mmagery, specific examples illustirating different look-directions can not be
shown However, several examples of NASA imagery (in the United States)
1n locales familiar to most geologists are cited which illustrate the influence
of look~direction on geologic interpretation

Spanish Peaks, Colorado

The Spanish Peaks region, comprising approximately 5200 square km,
18 located mainly in Las Animas and Huerfano Counties in south-central
Colorado (Figure 5}. This region is well known to geologists for 1ts diverse
1gneous rocks and structures, and topography i1s dominated by intrusive and
extrusive igneous rocks, stocks, plugs, dikes, and sills which have invaded
the sedimentary rocks over the entire region (Johnson, 1968) Although large
igneous masses are characteristic of the areas of maximum local relief (2,375
meters), dike protuberances ranging up to 30 meters in both width and height
dominate the terrain of flat lying sedimentary rocks Most dikes are members
of an extensive radial dike system associated with the main igneous mass of
the Spanish Peaks

Radar mmagery of this region 1s 1deally swited for evaluating look-
direction, first because of the numerous rectilinear features which are topo-
graphically expressed, and second because of the availability of two separate
strips of mmagery, flown from opposing lock-directions. When comparing the
two radar images of the Spanish Peaks (Figure 5), the differences 1 shadowing
by the dominant terrain features imaged from opposite directions 18 especially
striking  West Spanish Peak and East Spanish Peak (B} and (C) respectively
of Figure 5 are "illuminated" in both the near and far ranges. On image A the
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two peaks (B) (C) cast a large distinctive shadow in the far range, whereas
the same two features have minimal shadowing in the near range (image B)
Similarly, dikes (3)-(A"), (D)-(D'}, and (J) are accentuated by shadowing in
the far range of image B, whereas these same features are less pronounced

in the near range On image A, dike (D)-(D') 1s subdued to such an extent
that 1t 15 almost undetectable. This same disimnction between the appearance
of terrain features in the near and far ranges i1s illusirated east of area (H)
where a subparallel dike system 15 much better defined in the far range of
image A than in the near range of image B

The 1magery of Spanish Peaks also reveals the influence of look-
direction on the delineation of stream drainage patterns. In the far range of
image A the channel of the Apishapa River (G) can be easily traced, however,
the same stream channel i1n the near range of image B is poorly defined. The
perimmeter of the drainage basin west of location (I) can be easily outlined on
image A, but this same distinetion 1s much more difficult on image B {near
range).

Near range compression, a characteristic of all slant range systems
(and previously 1llustirated in Figure 3) 1s disadvantageous when aitempting to
delineate topographic features which are oblique to the flight path The presen-—
tation of the linear valleys of Figure 5 in area (E) on image A (far range) can be
contrasted with area (E) of image B (near range).

Central Humboldt Range , Nevada

The Humboldt Range of wegtern Nevada characterizes Bagin and Range
fault-block mountains, 1 e , subparallel block~faulted mountain ranges
separated by alluvial valleys of approximately equal size. The core of the
central range illustrated in Figure © 1s composed predominantly of Triassic
volcanices , whereas limestones comprise the vounger strata flanking the moun-
tain range on the west. The limestone-alluvium front-fault along the western
front of the range 1s particularly pronounced on image A between (b) and {(c).
The northward-trending, westward dipping, high angle normal fault 1s conspic-
uous because of the triangular faceted, truncated spur ends, and steep, V-
shaped canyons On image B, taken from the opposite look-direction, the
fault scarp is not as conspicuous

Analysis of both images reveals that the accentuation of the fault scarp
on 1mage A 1s caused by the northwesteriy orientation of the triangular slope
facets bounding the fault scarp These slope facets, oriented toward the look-
direction, result in an extremely high return as compared with the lower return
observed on image B, This preferred ornentation highlights the alluwvial-fault
contact when immaged from one direction, however, it 1s noi as well defined from
an opposite look~-direction.

The effect of shadowing in the delineation of minor streams 1s 1llustrated
at location {D). In the far-range of image B the delicate dissection of topography
resulting 1n numerous distributaries in the alluvial apron 18 well defined, but
the same pattern cannot be detected in the near range of image A The delin-
eation of distributaries in the far range 18 totally attrmbutable to alternate
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highlighting and shadowing which i1s completely absent in the near range.

Roston Mountains, Arkansas

Multiple flight coverage over the southern pertion of the Boston
Mountains, Arkansas, has provided radar imagery over a geographic area that
has received considerable attention by geologists involved in remote sensor
studies {Dellwig, et al , 1968, Kirk and Walters, 1968, Dellwig, et al., 1966,
and Kirk, et al , 1968) The detection of a pronounced system of north~south
trending lineaments on radar imagery was the primary reason for concentration
of effort 1n this particular area (Dellwig, et al , 1966) Imiial field mvesti~
gations provide evidence that the lineaments, originally delineated on low-
resolution radar imagery are, in fact, structurally controlled stream valleys
which appear to have the same general trend as one of the dominant joint-sets
which are recorded at the ouicrop.

A portion of this area 1s shown, and the north-south linearity of sev-
eral stream valleys 1s well 1llustrated, in Figure 7. Three different directions
have been provided, 1)look-direction perpendicular to the linear stream valleys
(image B), 2) look-direction oblique to the stream valleys (image C) and 3)
look~ direction parallel to the trend of the stream valleys {image B) On the
mmagery of the flight perpendicular to these linear trends (image A) the enhance-~
ment of valleys (A)-{A"), (D)-{D') 1s particularly striking These same valleys,
however, do not express the distinctive linear paralielism on image B. Simi-
larly, the linearity of (F)—-(F'} 1s well defined on mmage B (look-direction
orthogonal to stream valley), whereas on image A, no such distinction can be
made Numerous other examples can be 1solated when comparing images A and
B, especially when the minor tributanes are examined (see for example, Area

() ).

Image C provides us with an intermediate look-direction, 1 e , between
the look-directions of A and B The imagery produced at this intermediate look-
direction appears to have compromising qualities for the detection of lmnear
topographic features This 1s to say that image C displays most of the linear
features discussed above at an wntermediate stage of definition between suppres-—
gion and accentuation

The question naturally arises, does look-direction influence the detec-—
tion of lineaments 1n the terrain environment of the Boston Mountams (1 e.,
heawvily wooded) even though most of the lineaments are expressed as stream
valleys having a local relief up to 270 meters Obviously, if the lnearity of
the stream valleys in this area had not been previously recognized on other
imagery passes, and if only image B were available for analysis, the north-
south linearity and parallelism of (A)-(A') and (D)-(D*') would probably not have
been interpreted except by an experienced interpreter

Panama Imagery

Evaluation of multiple flight coverage from eastern Panama and north-
western Colombia has provided suificient data for a semi-quantitative look
direction analvsis 11 whach the detection of geologic features under a variety
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of terrain conditions could be examined. The detectability of faults, joint-
fracture systems, and dip slopes was selected for loock~-direction analysis
because 1) they are sigmficant to geologic reconnaissance studies, 2) in
the tropical terrain environment these features are usually reflected in the
topographic configuration which 1s recorded on the radar imagery, and 3)
regardless of the rock type involved, these are ubiguitous features The dis-
finction between faulting and jointing on radar imagery, as with air photo
interpretation, 18 often very difficult As pointed out by Tueder (Lueder,
1959) when discussing photogeclogic interpretive methods in areas in which
there 18 absence of conclusive fault evidence, it 18 common to consider the
longer, stronger linears as faults, whereas the shorter criss~crossing linears
are interpreted as joints or joint systems

In previous studies (Dellwig, et al., 1968, Kirk and Walters, 1968,
and MacDonald, et al , 1967) concerned with the geologic interpretation of
radar imagery, it had been observed that the relative topographic relief was
one of the determining factors for the radar enhancement of certain geclogical
features TFor the present study, 1t was determined that two subcategeries
(based on local relief) would be applicable for the look-direction analysis, one
subcategory less than 50 meters relief, and the other subcategory greater than
50 meters relief These two topographic subdivisions are extremely subjective,
at least in the Darnen area of Panama, because of the limited topographic field
data available It 13 extremely important to emphasize that the boundary i e ,
50 meters) between subdivisions of local relief 1s not a critical factor other
than distinguishing between "high' and "low" relief areas When sufficient
multiple flight coverage becomes available in the United Siates, or any other
country where adequate topographic data are available (contour interval 6
meters or less) a more defimitive subdivision between "high" and "low" relief
can be ascertained Before examining the data from Table I, which 1s a summary
of the data from a study by MacDonald (1969), 1t 1s necessary io define some of
the terms used in this look-direction analysis

Azimuth Azwimuth 15 the angular relationship between the look~direction and
the geologic feature imaged For example, a geologic feature such as a fault,
oriented perpendicular to look-direction would have an azimuth of 90 degrees,
whereas a fault, reflected 1n a terrain configuraticn parallel to the look-
direction would have an azimuth of 0 degrees

Deteciability A particular terrain configuration i1s sufficiently distinctive on
at least one 1maging pass to be interpreted as a specific geologic feature

Non-Detectability The interpretive evidence on any single imaging flight waill
not support identification of a specific geologic feature, even though the
precise geographic position of this feature has been established on a previous
imaging pass

4 A group of joints with a characteristic pattern
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Matrix The term total matrix as used in this study refers to the number of
imaging passes over a defined geologic category Por example, for any
specific geologic feature, a maximum of four different look-directions were
included 1n the matrix, however, 1n those cases where four different passes
were not available, at least two passes were always included in the matrix
Thus, the matrix for faults comprise the total number of different imaging
passes over a certawn number of faults, where the maximum number of different
look=-directions for every fault 1s not more than four nor less than two.

As previously discussed, the detectability of certain geologic features
1s mfluenced by radar shadowing, and this shadowing increases from the near
to far range as a function of increasing incidence angle. In order to be cogni-
zant of the primary factors which might significantly influence a lock-direction
analysis, the following units have been arbiirarily selected which subdivide
the 1magery format into three {approximately equal) range segments

Near Range - incidence angles less than 55 degrees
Mid Range - incidence angles between 55 and 69 degrees
Far Range - 1ncidence angles greater than 69 degrees

Significance of Data (Table I)

Faults are normally recognized on radar imagery as persistent linears
whach cut across lithologic or structural trends as well as the other interpretive
criteria such as erosional scarps, and off-setiing linears or stream patterns,
etc. Regardless of the topographic relief 1 e , less or greater than 50 meters)
1t 18 obvious that as the azimuthal ornentation of a fault approaches parallelism
to lock~direction, the detectability of this particular geologic feature decreases
(75% of the non-detectable matrnix have an azimuthal direction of 30° or less)
Where the local relief exceeds 50 meters, shadowing in the farrange 1s also a
sigmfricant contributor to the non-detectability of faults. When the azimuthal
direction of any fault approaches orthogonality to look-direction (greater than
60° azumuth)}, the detectability of such a geologic feature increases

Joint Systems

When considering radar imaging systems, it 1s important to stress that
jownt systems rather than individual joints, are recorded on the radar imagery
Basically, this 1s a function of the resolution of the pariticular sensor involved,
and not at all digsimilar to the reduced resolution encountered when utilizing
high altitude or orbital photography ior geologic interpretation A significantly
higher percentage of the joint system matrix was detectable where the terrain
relief exceeded 50 meters Obviously, because such geologic features are
usually expressed as short terrain linears, their detectability on radar imagery
would be sigmificantly increased if the terrain configuration were sufficient to
produce topographic enhancement The non-detectability of joint systems was
influenced by both topographic relief and look-direction, however, look-
direction plays a dominant role in non-detectability where 58% of the non-

detectable joint-fracture systems were recorded in the azimuthal range of 30°
or less
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Dip Slopes

Analysis of the data summarized in Table I reveals that the detection of
dip slopes is obviously influenced by both the look-direction of the imaging
systems and the topographic relief of the terrain involved. When the strike of
the strata is perpendicular to loock-direction (and the dip slope parallel to lock-
direction} the strata can either dip toward or away from the radar Where the
topographic relief was less than 50 meters, 63% of the non-detectable category
of dip slopes had a slope toward the radar, and where topographic relief ex-
ceeded 50 meters, all of the non-detectable category had a slope toward the
radar. It can thereifore be seen that the influence of radar foreshortenmg5 as
dictated by look-direction, 1s inherently related to the non-detectability of
dip slopes

DATA APPLICATION

The results of this experiment can be immediately applied to future mission
planning of radar-geologic studies For example, if only high relief areas
(such as the mountains in the Spanish Peaks area) were to be imaged, depres-
sion angles of 35 to 55 degrees from two opposing look-directions would pro-
vide near optimum terrain information

In regions of moderate relief (such as the Boston Mountains), two ortho-
gonal look-directions utilizaing depression angles between 20 and 40 degrees
would provide near maximum terrain shadowing coincident with minimal data
loss. If the structural grain of the area was already known, a single look-
direction with these intermediate depression angles might provide near optimum
data retrieval

For low relief areas such as those 1llustrated in the alluvial apron of the
Central Humboldt Range-, Nevada, depression angles less than 25 degrees
would obviously be the most satisfactory for geological interpretation

SUMMARY

Depending on the relative topographic relief, depression angle (or effec—
tive incidence angle), and look-direction, geologic features can be advania-
geously enhanced or can be completely suppressed The data derived from this
study suggests that flexibility in determining a specific range of depression
angles would be advantageous for geologic interpretation For radar geology
studies in areas of a known terrain configuration, trade-offs between depres-
s10n angle, range position, and lock-direction will provide near optimum data

5 Radar foreshortening, a distortion inherent to all radars when 1maging
wregular terrain surfaces, 1s the variation in the measurement of equal terrain
slopes when the slope measurements are taken at different incidence angles.
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retrieval with only two imaqing passes For geological reconnaissance in
poorly mapped areas, however, imaging from four orthogonal look-directions
will be required for maximum terrain information.

Certainly experiments of this type should be carried out in other terrain
environments to further document the advantages and constraints of radar look-
direction and other radar parameters which affect geologic interpretation This

1s, in fact, the ultimate goal of our radar geologic research at the University
of Kansas
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TABLE I

ANALYSIS OF LOOK~-DIRECTION
PANAMA IMAGERY

Percent
Topographic Matrix Percent
Geologic e | Reltet Sub- | Matrix | Motix Dominant Azimutht
(meters) Categories | Detected Detected Direction
70% 55% > 60°
<50 54
m 30% | 75% < 30°
Faults 96 —
>50m 42 83% 46% 2 60
17% 71% < 30°
ot s e e e e _ L |
60% 36% <30°, 32% > 60°
<50m 47
Joint 78 40% 58% < 30°
Systems S 50m 2l 90% 40% > 60°, 35% < 30°
10% 65% < 30°
Dip 65 29% 63% - dip slope toward radar
Slopes P o
87% 47% > 60 .
>50m 37 —
13% 100% = dip slope toward radar

* The term total matrix as used in this study refers to the number of imaging passes over a defined
geologic feature.

Azimuth direction refers to the angle between the look-direction (orthogonal to ground track) and the
geologic feature imaged.
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Figure 9-5.- Spanish Peaks, Colorado. (a) Look-direction, north.
(b) Look-direction, south.
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Figure 9-6.- Central Humboldt Range, Nevada. (a) Look-direction,
south, (b) Look-direction, north,



9-21

4 8 Kilometers

Pigure 9-T.- Multiple flight coverage, Boston Mountains, Arkansas.
(a) Look-direction, west. (b) Look-direction, north. (e¢) Look-
direction, northwest.




SECTION 10

CARTOGRAPHY
BY

Alden P. Colvocoresses
U.S. Geological Survey

INTRODUCTION

This paper reviews the earth-resources cartographic applications
program as currently being implemented within the Topographic Division
of the U.S. Geological Survey (USGS). Five subjects are covered as follows:

. Goals of the program

2 Development of in-house capabilities

s Relationship to NASA (MSC) aircraft program

L. Current work on space imagery

5 Conclusion

GOALS

Listed below are the goals of the program as now envisaged. In-house
and/or contract tasks have been defined in support of each listed item.

1l Develop procedures to accurately relate space imagery and other
unconventional remote sensor products to the Earth's reference
surface and maps thereof.

D Utilizing the above-defined relationships, develop the following
products in graphic and/or statistical form:

o New and revised topographic maps

. Thematic maps in near real time of
water
Snow

Presented at the Secoﬁd Annual Earth Resources Program Review at
NASA Manned Spacecraft Center, Houston, Texas, September 1969.

Publication authorized by the Director, U.S. Geological Survey.

i N71-19261
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vegetation (IR reflective)

massed cultural features of high relative reflectance

. Bases for other thematic maps, including maps of temporal
phenomena

3. Develop concepts and methods for storage, retrieval, and
dissemination of cartographic products.

CAPABILITIES

Since 1965 the USGS has had a moderate cooperative research program
with NASA to investigate cartographic applications of earth-resources
data obtained from cameras and other sensors in aircraft and spacecraft.
Recent emphasis on the use of earth-oriented space sensors has resulted
in an expansion of this program and a corresponding increase in the
professional staff to support it.

The Topographic Division is taking appropriate steps to develop
capabilities in the cartographic applications program. Two engineers,
Robert H. Nugent and Carl F. Kirsch, have been working in the program for
several years and remain on the staff.

The following space-oriented personnel have been added to the
research staff in January through July, 1969:

Frederick J. Doyle Scientist/Mapping Systems
Alden P. Colvocoresses Geodesist/Cartographer
Warren T. Borgeson Photogrammetrist
Robert B. McEwen Photogrammetrist
Roy A. Welch Photogrammetrist
(Postdoctoral associateship)
Anthony E. Salerno Chemical (Photographic) Scientist

Additional specific support comes from John D. MeLaurin who is working
for a doctoraste at the University of Michigan and is studying the geometry
of optical scanner systems.

Part-time effort and technical guidance is available from more than
100 specialized professional personnel in the Topographic Division.

RELATIONSHIP TO NASA AIRCRAFT PROGRAM

The USGS has a limited capability with respect to aircraft as remote
sensor platforms. There are at least three types of projects where air-
craft support, such as that being developed at the Manned Spacecraft Center,

is needed. They are:
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Y High-altitude simultaneous metric and panoramic photography of

a mapping project. Specifications have been submitted for photographic
coverage of the Eagle Pass, Texas, area which is needed in developing
small-scale mapping procedures. The frame photographs provide the
geometry, and the panoramic photographs provide the resolution needed
to identify and classify detail.

2. High-altitude photographs on various film types taken with a
calibrated mapping camera of 12-inch focal length. These photographs
are needed in developing optimum line map, photomap, and orthophotomap
products. The USGS has acquired a 12-inch Kelsh-type plotter to
support this kind of effort.

3. Imagery to support the development of rapid "mapping" of temporal
phenomena. The destruction caus2d by hurricane Camille is an example
of the type of phenomenon which probably warrants recording and rapid
disseminaton on a fairly wide basis. The various types of imagery of
the devastated areas are being examined, and methods of rapidly
converting the imagery into cartographic products suitable for
dissemination are being developed. If a high-quality mosaic of this
area had been laid, printed, and distributed within a week after the
storm, it would be interesting to know what the value (and response)
would have been. Probably the only way to evaluate such a product

is to go ahead and produce one when the next appropriate occasion
arises. Of course, a space image of suitable resolution would be

much easier than aircraft photography to convert into a useable photomap.

Procedures for graphically documenting such disaster areas should be
Jointly developed by the concerned agencies before the next need
arises.

CURRENT WORK ON SPACE IMAGERY

The past year's work of the cartography program will be documented
in the annual report to NASA which is now in preparation. A few projects
dealing with space imagery are worth mentioning here. By next March,
experimental maps in standard format at 1:250,000, 1:500,000 and
1:1,000,000 scales are expected to be prepared from Apollo and Gemini
space imagery. The 1:1,000,000-scale map will have about half space
imagery and half line detail, the other maps will have full space imagery.
Apollo 6 imagery has already been laid as a strip mosaic at 1:500,000-
and 1:1,000,000-scales. These sheets will soon be available in photocopy
form through the Map Information Office, USGS, Washington, D.C. 20242.
A1l sheets are in the Southwest U.S.

Another item of current interest is the experiment with the S065
imagery recorded on Apollo 9. In this experiment, steps towards automated
mapping of snow and vegetation are in progress with the help of Philco-
Ford Corporation. Figures 1 and 2 are examples of this work. By using
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optical density slicing techniques, both the geometry and resolution of
the imagery have been maintained. Automated water mapping experiments
are also being conducted. As figure 3 indicates, a great deal of
information on water areas can be extracted from color IR photography.

Another active project is the analysis of the external geometric
effects on space imagery, particularly ERTS imagery. Figure L illustrates
the five effects involved. A report on this matter is available and is
being published in Photogrammetric Engineering.

Although not funded by NASA, considerable work on image correlation
is underway within the USGS. A Giannini three-channel additive color
viewer has been obtained from the U.S. Air Force and is installed at the
Branch of Special Maps in Silver Springs, Maryland. Investigators are
invited to use this instrument, which is designed for 70-mm roll film.

A new Bolsey optical image correlator is currently being installed
at the Topographic Division's research center in McLean, Virginia. This
machine can correlate non-metric imagery, a step which is critical in
optical image processing.

CONCLUSION

The goals of the cartography program cannot be achieved easily.
Current effort must and will be stepped up so that when the first earth
resources satellite flies (ERTS-A), appropriate cartographic procedures
and suitable map bases will be available to reference the imagery to
the Earth's surface and to provide cartographic support for the various

disciplines.



AUTOMATED SNOW MAPPING
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Figure 10-1.- An example of automatic snow mapping.
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Figure 10-2.- An example of automated vegetation mapping.




[ MOUTH OF THE COLORADO RIVER
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Enhancement of water detail using
conventional photolab procedures
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Figure 10-3.- An example of underwater detail enhanced by photolab procedures.
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SECTION 11
Summary of Objectives and Progress in the
Geographic Applications Program

Arch C. Gerlach -~ L
Discipline Coordinator : N ( 1 4 1 9 2 6 2
Geographic Applications Program =i u
U. S. Geolological Survey

Introduction

Within four task areas funded by NASA in FY 1969, the Geographic
Applications Program of the Geological Survey underiock or maintained more
than a dozen specific projects, five of which will be discussed in detail
by the respective Principal Investigators. The others are reviewed
briefly by the Discipline Coordinator with respect to their objectives,
achievements to date, publications prepared since September 1968, and an
analysis of the quality and utility of information and equipment
available to the Investigators.

The primary purpose of this presentation is to identify what
has been learned during the past year from materials and equipment funded
by NASA, with & view toward selecting types of data, instrumentation, and
techniques that have proved to be most effective in geographical research
and its applications to user problems. Deficiencies in the data and voids
in the scope of the program that should be rectified to relate past
achievements to the ERTS program are given special attention.

Mr. Chairman, with your permission, I would like to make the
following changes in the sequence of papers for this review of the
Geographic Applications Program:

1. After my introduction, Professor Frank Horton will report
on urban research under a contract with Northwestern University,
instead of speaking at 10:45 a.m. as scheduled. The papers by
Prunty and Simonett will then follow as programmed before the coffee
break.

2. After the coffee break, the Imperial Valley land use study
which was to have been presented by Dr. Bowden will be given by his
colleague, Claude Johnson, due to the illness of Dr. Bowden. The
papers by Pease and Alexander will then follow in scheduled sequence,
to conclude our session this forenoon.

Discussion
In my own presentation, I am pleased to begin by reporting the

successful achievement of a goal that was fundamental to the establish-
ment of the Geographic Applications Program in the U.S. Geological Survey.
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The whole geographic profession has been made aware of, and significant
segments of it are participating in, the use of remote sensing techniques
and data returns developed by, or in cooperation with NASA. For example:

l. The Association of American Geographers, under contracts
with my office, has created a Commission on Remote Sensing, organized
summer courses on remote sensing that were subsequently financed and
administered by the National Science Foundation, and involved
geography staff members in more than a score of universities in
remote sensing research,

2. The International Geographical Union has devoted plenary
sessions to the subject at its regional meeting in 1966 at Mexico
City, and at its world Congress in 1968 at New Delhi, and has
converted its Commission on Interpretation of Aerial Photographs to
a Commission on Geographical Data Sensing and Processing.

3. The Secretary General and several Department Directors in
the Organization of American States have repeatedly expressed a
desire for that organization to serve as a channel through which
other American nations might participate effectively in the U.S.
space program for earth resources surveys and development. A
specialized agency of the OAS for scientific and technical work
in the fields of cartography, geography, the geophysical sciences,
and history (Pan American Institute of Geography and History)
established two years ago a Committee on Remote Sensing and devoted
to that subject an evening plenary session at its General Assembly
in Washington last June. Dr. Tepper made a very well received pre-
sentation and James Morrison took part in that meeting, as did also
representatives of Interior, Agriculture, and the Department of
State.

4. Geography Departments in more than 20 universities have
submitted unsolicited research proposals, about half of which have
been endorsed by an Advisory Committee in the National Academy of
Sciences, and integrated into the general program plan and objectives
agreed upon between the Geological Survey and NASA.

Having awakened and involved the profession at both national
and international levels, we have been considering ways to improve the
effectiveness of their efforts. We recognize that, in accordance with
recommendations of advisory groups in the National Academy of Sciences,
the Association of American Geographers, and the U.S. Geological Survey,
it is now time for some restructuring of the Geographic Applications
Program. To date our program has been largely oriented toward, and
influenced by, academic institutions and professional organizations. The
utilization of the initiative and scientific capability of university
groups and professional organizations has yielded commendable results
that appear in some 138 reports, papers, and publications listed in the
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USGS/NASA Interagency Report No. 154, which is now in the channels for
reproduction. We have here a few copies of the typescript for those who
may wish to pick them up at the coffee break.

Through involvement of the academic research community, we have
been successful in identifying a number of areas in which direct applica-
tions of space data and subsequent pay-offs will be greatest. Armed with
these results, we can now more positively work toward the solution of
more specific critical and resource management problems of real concern to
both Government and industry. A thorough review and assessment of the
Geographic Applications Program has, therefore, been undertaken, supplemen-
ting our Advisory Committee in the National Academy of Sciences with the
Association of American Geographer's Commission on Remote Sensing, and
some special groups, recognized by both the Academy and the AAG for their
eminence in the NASA Task Areas of land use analysis, urban studies,
environmental impact research, and information systems. These groups
have prepared for submission to the Academy Committee and the AAG
Commission, recommendations on the types of experiments that are most
likely to yield important returns and meet significant user needs. The
special groups clearly favored a more closely integrated program,
structured along problem lines such as those which arise where urbanized
areas are impinging on the surrounding country, where restructuring of
urban functional areas interacts with the whole complex of their environ-
mental factors, and where developmental alternatives for regional growth
need testing by predictive models. Concern was expressed also about the
need for more research in the field of urban climatology.

Such an orientation of the program would have direct relevance
to Interior Department programs dealing with use of the Nation's lands,
and definitions of environmental systems affecting urban development. In
addition, the geographically analyzed data would provide valuable informa-
tion to other agencies. To be most effective, however, we must understand
their needs and operational objectives, so that both data acquisition and
processing requirements can be met. Potential interdepartmental uses of
geographically interpreted data appear to include:

1. Marketing studies for commercial developments and industrial
location sites, of use to the Department of Commerce.

2. Studies of highway and road networks and traffic flows, of
interest to the Department of Transportation.

3. Studies of settlement patterns, population growth, and
movements in relation to more efficient land use, of use to both
the Departments of Interior and of Housing and Urban Development.

4. Better management of disaster areas, of use to Interior,
Commerce, and the Office of Emergency Preparadness.

5. Integrated resource inventories, of interest to Interior,
Commerce, and in foreign areas to ATD.
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6. Studies yielding data on which to base tax revisions by
State and local governments.

7. Changes in functional structure as well as rstes and
directions of growth, of use to HUD and Commerce.

8. Development of techniques for supplementing traditional
census methods and data.

9. Studies of urban and regional development in relation to
resource needs, such as construction materials, industrial components,
recreation facilities, etc.

10. Analysis of climatic interactions, particularly in urban
areas, for use by planners and decision makers throughout government
hierarchies.

One way to achieve reorientation of the Geographic Applications
Program would be to give more attention to geographers in Government, who
can effectively promote, within their respective agencies, more awareness
of, and interest in the utilization of remote sensor data and techniques
for agency operations. A survey completed last month by a Committee in
the National Academy of Sciences revealed that more than 600 profession-
ally trained geographers are employed in Federal agencies, that their
average grade falls between GS8-12 and 13, (which should be adequate to
exert some policy influence), and that geographers hold supergrade posi-
tions (GS 16-18) in eight Executive agencies and the Library of Congress.
In addition, more than 100 geographers hold positions of responsibility in
State and local planning agencies.

To achieve a more balanced program, with more emphasis on
Government and industrial applications, our Academy Advisory Committee has
recommended an increase of in-house research capabilities, which have been
limited to about 15% of NASA funding during the past two years. We hope,
therefore, to increase the in-house control and research to approximately

30%.

Since the time for our program review is very limited, I shall
turn now from general accomplishments and program plans to the activities,
achievements, and needs of participants in the Geographic Applications
Program during the past year. Five of our Principal Investigators, or
their chief associates, will review their own programs. Of the nine other
research projects in the Geographic Applications Program, four are in the
completion phase, and three are too new to take a significant part in this
review. Projects which have been, or soon will be brought to conclusion are:

1. The Rudd/Aldrich project, at Oregon State University, to
locate and map the forest-tundra ecotone in Canada, used weather
satellite data, which is somewhat analogous in scale and character
to anticipated returns from ERTS-A. The research, begun in April
and completed during the first week of September, resulted in a well
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illustrated report and map which is now enroute for reproduction as
an interagency document. The experiment was to interpret a major
vegetation boundary from the low resolution but broad coverage returns
from weather satellites. The technique was successful, and a map was
made to show for the first time the forest-tundra ecotone across
Canada.

2. A similarly concise, but only partly successful project was
completed this summer by Dr. Paul Alexander of the Geography Depart-
ment at the University of Montana. Using data from the Forest
Service Firescan Project, which provided thermal IR coverage of the
Bitterroot Region of Western Montana and Eastern Idaho, he sought to
map time-lapse changes in land use within forest enclaves, and to
identify the distributional and behavioral patterns of air drainage.
The small scale of the imagery and the small size of the enclaves
made analysis of land use changes impractical, but studies of air
drainage resulted in some useful contributions to the broad field of
environmental impact that are included in Dr. Alexander's final report.

3. During the past two years, Professor Latham at Florida
Atlantic University has completed some 30 interpretation studies of
simulated orbital TV imagery, and has conducted numerous experiments
with electronic waveform interpretation methods, applied to signa-
ture variabilities that appeared to be related to environmental and
film type differences. Reports on those investigations are being
prepared under a no-cost extension of the contract to December 31.

I cannot at this time tell you the specific conclusions of Latham's
research, but they will be in his reports, which will be submitted to
the USGS and NASA by the end of this calendar year. Dr. Latham has
expressed interest in using high altitude flights over Florida for
land use and census data analysis, but it is too early to know
whether funds and the reorganized Geographic Applications Program
will permit acceptance of a new proposal from Florida Atlantic along
those lines.

L., Likewise, the autocorrelation and spectral density studies
by Professors Curry, MacDougall, and van der Eyk at the University of
Toronto are being brought to conclusion, at least in their present
form, this year. Completed reports on coherent optical data
processing of remotely sensed imagery have been combined into Inter-
agency Report No. 145 which was routed through reproduction channels
on September 11, but is not yet available for distribution. TIllus-
tration No. 1, and its explanation on the following two pages (for
which there was not time to show a slide during the oral presenta-
tion at Houston), indicates the type of work that has been done.

The objective during the remainder of that contract is to utilize the
equipment constructed and results achieved under the first phase of
research, to make applications of practical value in the processing
of data from TV-equipped satellites. No overflights or special data
acquisitions by NASA are contemplated for completion of this contract.

New contracts which supplement other work in the general task
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areas funded this year by NASA, require little new data acquisition.
These three contracts are:

1. A six-month contract which has been negotiated with Clark
University, beginning September 6, to:

a. Identify interpretive signatures for scanning and
mapping tropical land use systems.

b. Develop sampling and scanning strategies for estimating
areas covered by various land use categories.

c. Develop information systems for summarizing land use -
change and estimating agricultural commodity flows.

Considerable ground truth information on tropical lands is on file
at Clark's Graduate School of Geography for comparison with recent
flight data. The principal investigator, Professor Jeremy Anderson,
has selected the imagery he will need from the data bank at Houston,
and will begin his work as soon as that material is delivered.

2. A contract with the University of Denver to develop remote
sensor display modes to satisfy urban planning data input needs is
expected to demonstrate the importance and function of remote sensor
data as a basic information source for urban planning, preparation
of up-to-date land use maps, control of urban and suburban land use,
and possibly to provide information of value in forecasting, pre-
venting, or recovering from disasters. An RB-57 overflight has been
requested, and was flown in August (Mission 101). When the photog-
raphy has been reproduced at MSC, the principal investigator,

Dr. Griffith, will visit Houston to inspect it and make selections
pertinent to his work.

3. The newest contract in the Geographic Applications Program
became effective September 5 with the TRACOR Company. The objective
is to investigate time variant phenomena by means of color and color
IR photography over approximately 50 carefully selected targets
along a 400-mile triangular flight route from San Diego to Los
Angeles, to Salton Sea and back to San Diego. This is a multi-
discipline experiment, with some guidance and financial support from
Geology, Hydrology, and MSC/Houston, but the Geographic Applications
Program provides the project direction and about 65% of its financing.
TRACOR will overfly the targets every three weeks and ground check
them every six weeks. Photos will be fully coded for location, time,
target/background reflectance, ete. It is hoped that this experiment
will lead toward the development of automated technigues for analyzing
time-lapse changes recorded on photography.

In the remaining time allocated to me, I shall pass over the

Dartmouth College grant under which Professor Simpson is investigating
various aspects of urban developments in New England, because his work is
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already well known to you, and report briefly on the current work of the
Association of American Geographers. The Association has been particularly
effective, through its Commission on Remote Sensing, in enlisting partici-
pation by top flight members in remote sensing research. The chief
objective of its contractual efforts have been:

1. To develop an operational plan for land use mapping from
orbital platforms. With that objective in mind, the Association
has selected consultants and sub-consultants at centers shown on
I1lustration No. 2. They are needed in a country of this size because
any land use classification which would apply to all of its regions
would be too complex for use with low resolution satellite data
expected in the near future. Consequently, basic land use classifi-
cation systems are being developed in the Southwest, Northwest, Rocky
Mts., Central, Southeast, and Northeast regions, and a Consultant-at-
Large in the Chicago area is responsible for urban land use classi-
fication throughout the country. The program Director, Dr. Robert
Peplies, is at East Tennessee State University. Professor Thrower
and his associates at UCLA have practically completed for reproduction
a land use map along the southern boundary of the United States from
California to Texas, based on Gemini and Apollo photography. The map,
including ten categories of land use, has been compiled at a scale
of 1:250,000, but will be reduced for reproduction to 1:500,000, and
possibly 1:1,000,000, During July and August, significant progress
has been made in thematic mapping of sections of the Southeastern
U.S. from Apollo 9 photography, particularly in the Florence, Alabama
area. Location of towns, highways, and drainage have been placed on
a 7%-minute grid, and vegetation and land occupance overlays are
nearing completion. A text will be prepared to describe the methods,
procedures, and results of the project.

2. To organize and develop educational programs in the tech-
nigues and utilization of remote sensor data for geographers. Such
courses, financed by the National Science Foundation, have been held
in 1968 at the University of Michigan, and in 1969 at the University
of Tennessee. Illustration No. 3 shows the distribution of partici=-
pants from 38 States. These college professors now constitute an
important nucleus for training additional scientists that will be
required to process and interpret the masses of data thay may be
expected from ERTS and subsequent satellites.

3. To determine user needs in the area of man-environment inter-
actions, and relate them to space derivable data. Current progress
along that line is being made in the TVA area, and through geographers
in Federal agencies, Unfortunately, the AAG request for $86,000 this
year was cut by NASA to $46,000 because the use of RB-57 flights over
the Tellico Basin would reduce the amount of data and resultant data
handling costs. That may also reduce the results to be achieved, but
in any case the reduction overlooked the many other aectivities being
carried out under contract with the Association of American Geographers
such as the development of regional classifications for land use,
planning of educational programs to be carried out with NSF or Office
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od Education funds, thematic mapping from satellite photography in
the Southwestern and Southeastern United States, experimental
applications of regional land use classifications to simulated base
maps of high latitude regions such as the Northwest and New England,
and up-dating MacPhail's analysis of Gemini photos of E1 Paso with
data from Apollo 6 and 9.

I want now to introduce in sequence those who will present
summaries of their own contractual research. The first speaker will be
Dr. Frank Horton, who was formerly at Northwestern University and continues
to work closely with Duane Marble under that contract, although Dr. Horton
is now a Professor at the University of Iowa. Dr. Marble cannot be present
due to critical illness of his father in Seattle, Washington. The second
speaker will be Dr. Merle Prunty, Chairman of the Geography Department at
the University of Georgia, where experiments have been focused on identi-
fying, mainly through color IR, the chronology and effects of fire in
tropical grasslands. Dr. Prunty has encountered some interesting results,
such as seeing from overflight data burns that cannot be seen on the
ground by experienced field teams, and some problems connected with data
processing that he will share with us. The last speaker before the coffee
break will be Professor David Simonett from the Geography Department at
the University of Kansas. He has been engaged in a wide variety of
experiments with remote sensing instruments and data, but his recent
efforts have been concentrated on problems of thematic mapping from
satellite photography.

Following the coffee break, Claude Johnson of the University of
California at Riverside will substitute for his colleague, Leonard Bowden,
who is ill, in summarizing the land use analysis, automated data storage,
and small scale mapping from Apollo photography of the Imperial Valley.
The resultant map of land use in approximately 1,000 plots, some of them
as small as 10 acres, needs considerable explanation of the process by
which it was made to be fully understood. Professor Robert Pease, also
of Riverside, will then continue with a description of his work in peeling
dye layers from color IR for analysis, as a substitute for using three
black-and-white multispectral films that are subsequently combined, with
some registration difficulty, to create a composite color image. He will
also report on his instrumentation and research in the field of energy
budget (environmental impact) studies. Robert Alexander, the senior
scientist of our Geographic Applications Program in the Geological Survey,
will explain how these projects fit together, and illustrate their inte-
gration through a rather elaborate and sophisticated form, originally
suggested to us by Robert Porter, and now referenced appropriately as a
Portergram.
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By analyzing power spectra produced by passing coherent light from a laser
through conventional aerial photographs, it was found that unique signatures (spec-
tral density patterns) exist for such general land use types as urban, orchard, and
forest. Power spectra signatures for a forested area and an urbdn area in the Ashe-
ville Basin test site are shown here.

Power spectra signatures may provide an early step toward eventual auto-
mated photo interpretation. The spectral density patterns may also reveal lineoments
in the photos too subtle to be detected with the unaided eye. The diagonal dark
smears on the power spectra from the forested mountains represent some such subtle
lineament, probably in landforms. Some measurement of change gradient is possible.

The potential for several possible forms of image enhancement, filtering,
and identification appears to be inherent in this tool for geographic research. Op-
tical processing is more efficient than digital processing for automated storage of
imagery .

Based on research at the University of Toronto ...
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Figure 11-1.- Power spectra signatures by optical processing.

...as part of the USGS / NASA Geographic Applications Program
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REMOTE SENSING ANALYSIS OF GRASSLAND FIRE
PHENOMENA  THE FLORIDA TEST SITES, 1968 - 69.

Merle C Prunty
Unaiversity of Georgia

The long-range objectaives of thiz project are to develop data for the
analysis of the occurrence, areally and temporally, of grassland or ground
fires 1n tropical savannas. As indicated in the Aircraft Program Review a
year ago, the mainitenance of the savanna vegetation type i1s believed to be
primarily e function of ground fires. Recurrent ground fires are character-
istic of savannas everywhere and apparently have been so for thousands of
years. Although the role of fires in maintaining the ecology of ssvannas 1s
known from numerous studies of small savanna areas, conducted by many scholars
for different purposes and from many viewpoints, there as little unmiformity--
hence areal or temporal comparability--among these studies. Remote-sensing
of ground fire phenomens from satellite platforms can provide observations that
are standardized as to observational procedures, quality and time, and are
both areally comprehensive and inclusive. Particularly, such cobservations can
encompass large areas in a uniform manner, +the savannas of the tropics are,
of course, huge regions. Since the Latin American savannas are now subject
to considerable pressure for setilement from the rapidly expanding Latin
American populations, knowledge of the temporal and areal traits of the fires
that are indigenous to these areas has craitical significance for the savannas
in terms of thear lend usages and development in the future.

Since the autumn of 1967, the project has been using test sites in Florada
and southwest Georgia as simulation surfaces (Flgure I). The sites involved
were described at the Aircreft Program Review a year ago. In brief, they
encompass simulations of upland, lowland, and marsh or swampland savannas, and
wooded as well as "open" savanna conditions. They are subject to recurrent
burning by ground fires. ©Scme cropland and fallowland are included. The sites
include large amounts of unimproved rangeland, a particularly important criterion
since low-grade cattle ranching is the areally dominant land use in Latin
American savannas today. Both the Deseret and the Griffith Ranch sites are
dominated, areally, by grazing opersations

During 1967-68, the hypotheses under test were that modifications in
vegetative cover caused by ground fires, 1) could be recorded by remote sens-
1ng instruments at levels of accuracy sufficient for the production of rela-
tively large scale maps, 2) that these modifications could be recognized and
mepped in the chronological order in which the various fires occurred, and
3) that two or more sensors might reasonably provide collative, or supporiing,
data on both fire occurrence and chronoclogy. Detailed field mapping of the
test sites, to establish the nature of the vegetative cover by phytomorphic
classes, supplied the principal ground control elements (Figure II) Two flights,
one in January 1968 (Mission 964) and one in March 1968 (Mission 67), provided
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this project with 1magerjtf%cﬁﬁ3,000 feet and 15,000 feet altitudes. The
mmagery included returns from the Reconofax IV plus Ektachome and color
infrared transparencies. The project personnel considered the quality of
the anfrared imagery to be good and comparability of the returns on the
infrared medium from the two flights was superior. It became evident, almost
immediately, that the color infrared was the critical sensor for the phencmena
upon which the project is focussed. The Ektachome imagery, which was of
uneven quality, provided some corroborative returns. Reconofax IV imagery,
since 1t 1s restricted by i1ts powers of resolution, supplied corroborative
returns in an aregl sense but was of lamited value in boundary determinations
of burned areas as altitude increased.

The project established from the two flights of early 1968 that the
three hypotheses noted asbove were wvallid  Phytomorphic classes of vegetation,
which also are ecologic categories, clearly and definitely are identafiable
and mappable (Figure III} We established that color infrared imagery could
record the dastribution of burns and the chronology of burns not only during
a given "fire season'-=a given year--but also could sense the patterns of two
end three year old burned areas that were not recognizable to trained observers
on the ground' The gbility of color infrared to produce such returns was
established for the smaller scale imagery, that from 15,000 feet altitude, as
well as from the larger scale imagery. At this stage, the projgect's perscnnel
did not envision the large number of variables that could be introduced into
the analysis if changes in the quality of the ainfrared imagery were to occur.

For 1968-69, the project focussed upon the following notions 1) coverage
of all possible combinations of vegetatron cover relevant to savanna conditions
that could be obtained in the central Floride area. The Deseret site was ex-
panded and the Griffith ranch site, north of Lake Okeechobee, was added for this
purpose. Thus, full coverage of the rangeland vegetation complex, by phytomor-
phic classes, 1n Florida was introduced on a typological basis. 2) During
1967-68, ground control was established by large-scale mapping of phytomorphic
elasses prior to overflights The same control procedure was used in 1968-69
with one exception As a test of the valiadity of interpretation results, a
15 square mile area--previously untested-- was left umnmapped for 1968-69.

The purpose was to invert the procedure, e.g. map the area from the imagery,
then tesgt resulis on the ground to see 1f both distribution and chronology of
burns could be established accurately without direct ground control. 3) Inter-
pretation indices based upon the returns from flights during a2 single season
obviously have serious inherent limitations 1f they are used throughout the
entire cycle of plant growbth--that i1s, throughout an entire year  Thus, inter-
pretation indices arranged in "families", 1 e. 1ndices of the same phytomorphic
category et various stages of growth and regrowth throughout the year, became
necessary  Because g8ll vegetation 1s 1n a growth stage during spring and
summer, the identification of growth occasioned by a recent burn, as dastainct
from normal seasonsl growth, 1s complex. U4) The adentification and analysis
problems occasioned by reductions in scale, 1.e., 1magery from the relatively
high altitude platforms, had not been tackled during 1967-68. The project
needed some high-altitude returns, particularly in the color infrared medium

In brief, then, the project expected to concern itself with some new and
intriguing variables, variables that appeared to be related to problems in
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employment of satellite-deraived imagery These were 1) coverage of all
available relevant vegetative categories, 2) imagery analysis without direct
ground control, 3}imagery from all seasons, introducing the morphologic
changes involved in regrowth, and 4) small-scale imagery derived at & high
altitude.

Let us comsider last things first. I has not been possible to obtain
overflights at altitudes of more than 15,000 feet because of the many demands
on the P3-A aircraft. Therefore, the problems associated with imagery scale
changes remain essentially untouched.

The other problems which the project hoped to resolve during 1968-69
remain only partially satisfied because several unexpected varisbles were intro-
duced into the color infrared imagery delivered to the project. Project
personnel discovered these variables, and adentified them with the assistance
of MSC personnel, after the imagery variations had taken place--not before.

The project was not prepared to handle ancther series of variables--from its
viewpornt, uncontrolled variables--in addition to those huilt into 1ts pro-
gram for analysis

The uvncontrolled variables introduced into the infrared imagery are the
following 1) a change i1n film type from #8443, used in 1968 mission #96h,
67, 81, to f1lm type #S0117, beginning in January 1969 with mission #85 and
continuing through #90, 92, 93, and 95, 2)the #80117 film reportedly contains
a fast cyan layer which leads to accentuated red tones and suppression of
yellows and magentas, 3) there has been some variation in the laboratory pro-
cessing of the infrared imagery, comparisons of original infrared imagery
with the duplicates delivered the project revealed that several times the du-
plications were not nearly so good as the originals This problem emerged on
mssion #81, flown with #8443 f11m and continued 1n mission #85 and 90 {using
#80117 fi1lm). Reprocessed and substantially improved imagery was supplied to
the project from missions #81 and #85, U4) there 1s no way for the project to
know the age of the infrared film in use and we surmise that MSC has not known
1ts age either It 15 clear that the older the infrared film, the less sensi=-
tive 1s the cyan layer. BSince a cardinal problem has been excessive reddash
tones and vartual absence of green and yellow tones, we presume that film used
in flights since mission #85 of January 1969, has been relatively fresh, 5)
gpparently some of the infrered has been underexposed from one half to one
stop., This 1s especially evident 1n mission #85 imagery, and 6) the yellow
layer an #SO11lT has,largely, been eliminated from the imagery.

The resultant problems in imagery analysis are indicated by the accom—
panying figures, all segments of the infrared imsgery for the flights indicated
and covering the same area. (When referring to the figures the following areas
should be used for reference 1) the main east-west dirt road {"Pipeline Road")
through each frame, 2) the large area of i1mproved pasture north of the road
and about one mile east of the western side of the frame, and 3) the "¥"
intersection of field trails in the approximate center of each frame and south-
east of an old improved pasture area which lies between the "Y" and the main
east-west road)
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Figure IV comes from Mission #67, March 1968. Note the contrastang
tones in this frame, Yellows, greens, reds, and pinks are discrete and
highly visible The char from burns of September 1967 through March 1968
1s represented by dark green tones and can be differentisted from the greens
representing bayheads and cypress domes by both texture and tone veriations
Older burned sreas exhibit grester amounts of yellow and light green tones
while regrowth upon recently burned areas exhibii{s more reds. This frzme 1s
from #3443 film.

Figure V 1s from Mission #81, October 1969. It exhibits fair to good
tonal contrast. The green-blacks of the "recent" burns have diminished as
the ages of these burns have increased and have been replaced by reds overly-
ing subdued gray-green tones., Older burned areas lack the bright red tones
which represent those areas burned withan the last year. Note the pinkish
tones of the improved pasture north of the road in comparison to the greyish
tones of the older pasture south of the road Vegetal regrowth subsequent
to fires obvicusly can be discerned when these two frames are employed in
echelon.

Figure VI from Mission #90, March 1969, contains a high proportion of
overriding red tones and lacks sufficient contrast among yellows and greens
to be of optimum value. Recent burns may be recognized by blackish tones.
Differentiation of burns that are one year old from those two or more years
old 1s virtually impossible. The weaknesses of this frame are more spparent
when compared with Figure IV {Mission #6T7). Since the area represented by each
frame 1s the same, and the season of the year is the same, approximately the
same 1magery signatures for essentizlly the ssme phenomena were expected. The
obvious differences in Signatures appear to result from a change an film type
end from variations in film age and processing.

Figure VII, from Mission #92, April 1969, again 1s an example on the
#S0117 film. Recent burns (September 1968 to March 1969) scarcely are visible.
When compared with Figure VI (Mission 90) the inecrease in red tones recorded
from March to April 1969, is straking. The boundaries between vegetation cate-
gories (areal "compartments')are less distinct than an the antecedent imagery.
Differentiation of burned areas from others, and particularly the relative
ages of burns, 1s extremely dafficult and cannot be done with confidence.
Although more intense red tones were to be expected during a period of peak plant
activaty, 1t 1s 1mpossible to determine what proportions of the increase in
red tones resulted from increased plant mesophyll activity and what proportion
resulted from the highly sensitive cyan layer of the #S01iT failm.

Where does the project-stand today, in terms of this year's objectives?
1. As indicated, problems associated with scale change could not be attacked
for want of imagery from high altitude platforms 2 Imagery coverage of nearly
all relevant vegetation categories for the Florida ranching area has been
obtained. 3. Much of the coverage had to be reprocessed. This, coupled with
guite recent delivery of late spring and summer flights, has meant delays in
1magery analysis The project s behind schedule  Analysis in the form of
finished maps 1s at least a couple of months off-pace 4. Analysis to produce
interpretation index "families", consasting of indices covering the phytomorphic
classes 1n seasonal sequences, has produced incontlusive results. Unfortunately,
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the index families are the most important aspect of this year's program  The
parameters of the problem involved are fairly simple. 1t 1s logical to presume
that the increased plant mesophyll activity associated with the March to July
"peak' in .plant growth would record in proportionately increased tones of red
on color infrared. However, with the switch to #5011T7 film with i1ts fast cyan
layer and suppressed magentas and yellows, we are unable to determine what pro-
portions of the increased tones of reds result from the stage of vegetative
growth and what proportions are attribulable to the film, or what propertions
are attributable to the freshness of the film, or to variations in the film
processing medium AL this stage there 15 no answer., 5. Thetest of imagery
analysis without ground control is partislly completed. Because of imagery
guality problems, no analysis could be made to ascertmin the distribution of
burns prior to the 1968-69 wanter season. On excessively red 1magery, burns
that are more than one season old are nearly impossible to detect. Ground checks
of the 15 square miles involved, made in July-August, are incomplete because
torrential rains left much of the area inaccessible. Checks were completed on
the outer, more accessible portions of the test area. The results look good to
date 1n terms of recent burns and recognition of phytomorphic types. Complew
tion of the ground checks now i1s scheduled for October and November.

The summsry observation on the research of the project for 1968-69 is
simple. There have been many variations in the guality of the infrared imsgery
that this project has received. These variations have reduced the scientific
results which the project has obtained since last September, compared to what
1t could have obtained. I would like to hope that MSC could institute a gqualaty
control program that would insure imagery whose properties are genuinely uniform.
If this were done, an investigator then could know that the varigtions in the
imagery are associated with phenomena under test, instead of the result of a
new lab process, a new film type, or uncontrolled storage time in the deepfreeze.
If this were done, the morale of the investigator would improve and scme of
his faith in both the scientific process and the folkways of the bureaucracy
would be renewed.

The immediate goals for this project are clear The analysis of imagery
signatures through the full post-burn cycle--that is, through s full sequence
of seasons--must continue until firm results are obtained. The problems of
scale, hence analysis of imagery from a high altitude platform that in some mea-
sure simulates the returns that may be expected from ERTS~-A and B, have to
be resolved. The Florida test sites are not bona fide savannas, they are the
best domestic spproxamations, only, of savanns condibions., There is a genuine
need for experimentations with imagery derived from bona fade savennas such as
those of Latin America, 1n association with ground control data from the same
savannas. Finally, this project needs to exsmine the resulis i1t has obiained,
since inception and on through 1969-70, 1n terms of probable instrumentation at
the satellite stgge.
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Figure 12-1 - Location of test site areas in Florida and Georgia.
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Figure 12-4,- Pipeline Road Area, Deseret Farms, Florida, March 1968, MSN
67; Color infared, Roll L, Frame T22L.
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Figure 12-5.- Pipeline Road Area, Deseret Farms, Florida, October 1968,
MSN 81; Color infared, Roll 1 of 3, Frame 6L02.
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Figure 12-6.- Pipeline Road Area, Deseret Farm, Florida, March 1969, MSN
90; Color infared, Roll 1 of 2, Frame 9788.




Figure 12-T7.- Pipeline Road Area, Deseret Farm, Florida, April 1960 MSN
92; Color infared, Roll 1 of 8, Frame 013l.
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INTRODUCTION

In this presentation I propose to discuss the work carried out in my
project in three broad groups The first group 1nvolves studies using Gemin
and Apollo photography for boundary and road detection Thig 1s followed by
three studies dealing respectively with the feasibility of making existing
thematic maps from spacecraft data, some comments on the resolution needs
for thematic maps in different environments and lastly, a comparison of hime
available for radar and photographic imagery obtained over the United States
Finally, statements are given on the results to date of the analyses of NASA
aircraft data obtained over the Garden City and Lawrence sites

Running through these studies are a number of themes of relevance to
early ERTS or EROS type satellites One theme relates to comparisons between
100 foot and 300 foot resolutions for thematic mapping I once argued vigor-
ously for a relatively coarse resolution and there 1s no doubt that for certain
studies resolutions of 300 to 400 feet will be adequate, however, for thematic
land use mapping, the evidence presented here indicates that broad-area
coarse-resolution (300 feet) 1magery should be carefully compared and con-
trasted wath finer resolution imagery (100 feet} which may of necessity need
10 be coverage of smaller areas I believe the evidence to hand indicates
that the coarser-resolution may not be as acceptable for as many problems as
I once thought

A second thread running through this discussion relates to the nature
of boundary delineation between land use enfities on space photographs, and
the discriminaiion between entities The type of data which might be collected
in a number of environments during the northermn hemisphere mid-summer months
are examined and some of the implications are explored in the Lawrence area
in Kansas

The third thread i1s that mulia-channel data has considerable redundancy
and that with three or four channels we may obtain almost as much information
as with a dozen If it can be demonstrated that for certain times and places
three or four channels are incapable of effecting more than a most minimal
separation of data for land use mapping 1t 1s 1mperative that the alternative of
multiple looks through time should be thoroughly studied, even though there
will be considerable problems i1n retaining data in a geographic spatial coor-
dinate frame for comparisons of the time-sequential data
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A further concept 1s that information transfer 1s environmentally modu-
lated In short, a single resolution fitted to a very large area will not convey
the same class of information in all regions The size and spatial distribution
of the entities making up an environment will substantially influence the
character of the information transferred particularly if the resolution 1s close
to a critical level

Finally, the last theme 1s that of the consistency with which informa~
tion may be obtained from the same environment at various times and crcum-

stances

These five themes are deliberately and provocatively stated in a nega-
five manner, for I am concerned if we obtain toco-few looks with a too—-coarse
resolution, that there will be serious problems i1n terms of the consistency
with which we will be able to prepare thematic land use and related maps from
spacecraft photography, that the amount of ground checking required may prove
excessive for many problems, and that even the most elementary forms of auto-
matic processing may prove to be so error-prone as to be a hindrance rather
than a help

I will be glad to be proven too conservative However, the questions
I razse are serious and they wall not go away by ignoring them The evidence
I present 1s neither as fully researched nor as secure as I would like 1t to be
Yet 1t 15 sufficiently suggestive for me to wish to share with you this mixture
of conclusions, some reasonably supported, others less so

A standard format 1s used i1n the following discussions Succinct
summaries are given of 1) data used, 2) i1tems investigated, 3) context of the
investigation, 4) results of the investigation, 5) discussion of the illustra-~
tions and tables employed, and, finally, 6) possible implications of these
results for spacecraft thematic land use mapping The implications where
appropriate are keyed to the five themes sketched above

STUDIES WITH SPACECRAFT PHOTOGRAPHY

1 STUDIES IN THE ALICE SPRINGS AREA, CENTRAL AUSTRALIA

Data

Gemini V color photograph No S-65-45568, color separaiion plates of
same, IDECS color combinations for field checking (IDECS 15 an acronym for

Image Discrimination Enhancement Combination and Sampling system, a hybrd
analog-digital system developed at the University of Kansas), 8 weeks field

observations

Ttems Investigated

1 Nature of boundary delineation
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2 Constitution of enfities within boundarnes
3  Field check of IDECS boundaries and interpreter-delineated
boundaries

Context of the Investigation

This semi-arid to arnid-region has a considerable range in topography,
lithology, plant commumities, plant community structures, and densities
It 1s representative of very large areas of interior Australia and has close
affimities with similar environments in millions of square miles of Africa and
Asia In environments such as these there tends to be a very close tie
between lithologies, soil types, and plant communities., These areas may
well be among the easiest to derive relatwvely straight-forward relations
suitable for space photography thematic mapping Much more humid environ~
ments will be correspondingly more difficult, because the relationships be-
tween soils, lithology and vegetation are notably less direct

Results
Boundary Delineation

1 Almost all boundaries discriminated on the space photography by
trained interpreters proved to be meaningful when they were field checked
Many more boundaries were discriminated than by CSIRO (Australian Common-
wealth Scientific and Indusinal and Research Organization) investigators

2 TFirst and second order boundanes were meaningful at the major
landscape type or plant structural level By farst crder we mean high con-
trast and sharp boundaries Second order boundaries are of medium contrast,
and are not as easy to determine as to their exact location

3 Third order boundaries were meaningiul mainly at the plant density
level wathin a commumity or at the ecotone level between communities There
1S no guarantee that this relationship would hold in other situaiions Third
order boundaries are diffuse boundaries for which not all interpreters agree
as to their exigtence or their precise location Those we delineated were
based on haggling and majority decisions between interpreters

Wature of Entities Within Boundaries

4 Many entities which are of considerably different character in the
field cannot be separated on the color photograph Prior to field work many
unlike entities were grouped together because of similar color tones on the
space photograph It may be that at other times of the year some of these
entities which are confused could be separated because of differences in
plant responses My guess would be that this 1s doubtful and that probably
not much better could be done m this environment with multiple looks through
time However, many of the areas which are confused are regions in which
better spatial resolution would enable some of the entities to be separated



5 A hundred foot resolution would certainly resolve some ambiguities
by enabling patterns within an entity to be discriminated and it would be
possible then to separate them on the basis of patterns 1f not on multispeciral

color differences
TDECS - Delineated Boundaries

6 TFreld checking of IDECS-delineated boundaries showed that ihe
IDECS consistently separated out certain entities which were equally con-
sistently missed by photo interpreters Also, in many cases the location of
first order boundaries by the IDECS and sometimes second order boundaries
was closer to the field boundary distributions than those delineated by the
photo interpreters

7 Conversely, problems of spurious contouring are present with the
IDECS as waith any level-selecting analog or digitizing device Spurious
contouring takes place in areas where there are diffuse natural boundanes
and where there 1s a gradual change within a class which 1s not sufficient for
a photo interpreter or a ground mapper to segregate them into different en-
tities In short the IDECS, as 1s also true of a digital system 18 capable of
generating nonsense boundaries

Discussion of Illustrations and Tables

Figure 1, shows the relative ease of discriminating major boundaries
on the red separation plate of the Gemini space photograph for the Woodford
Creek (upper) and Napperby and Day Creek (lower) areas, in comparison to
working with black and white air photo mosaics The relative ease of boundary
delineation indicates that space photographs of even this resolution will
serve a useful part in an orderly system of double and triple aircraft and
ground sampling designed to make effective use of the space photograph

Figure 2, Gemini V color photograph of the Alice Springs region A
number of areas of like~color on this photograph represent regions of very
unbike entities Tor example, straw colored areas include Mitchell grass
savannahs on alluwvial fans, varnous depauperate Mitchell grasslands now
invaded by Kerosene grass, or by ephemerals, complex mixtures of red and
whate 1ronstone and kaolinitic lateritic residuals with occasional scattered
trees, and mixed shrub and grassland on granite hills

Figure 3, shows the landscapes northwest of Alice Springs, Central
Australia based upon a map by R A Perry (1961)

Figure 4, shows the landscapes northwest of Alice Springs, Central
Austraha delimited without field work and based upon the space photograph
Comparisons of Fagures 4 and 3 will show boundaries shared by the two maps,

Figure 5, 15 a comparison of the boundaries shown on the space photo-
graph compared to those on R, A Perry's pasture map Boundaries shared are
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in seolid lines, those found only on the space photograph are in gray lines
The map is conservative in that only boundaries which are clearly 1dentical
on both photograph and map are shown as shared This illustration 1s cur-
rently under revision for we believe that we have been too conservative 1n
our comparisons There is a substantial subjective element i1n such mapping
which raises questions on the subjectivity of so-called ground truth 1In
this respect we may legitimately ask to what extent Perry's map reflects both
his unique perception of the environment and the data sources available fo
him, Other persons may produce different maps by being either more of a
lumper or a splitter than Perry, or in perceiving the environment differently
or by having different data available It 1s hard to believe that with the
space photograph in hand, as well as selected aircraft photographs, that in—
vestigators would not 1ndeed find and map these boundaries and thus ground
truth and space truth become more nearly the same

Possible Implications

1  Most, if not all, of the boundaries normally delineated in recon-
naissance type surveys of natural plant communities should be detected on
space photographs in comparable environments,

2 It 1s very probable that more — ‘perhaps many more) — boundaries,
may be discriminated on space photos than ground investigations would
ordinarily erect, The boundaries will lie at all hierarchical levels 1in a
clagsification Thus while most first order boundaries should cleanly sepa-
rate lithologies, soils, and natural vegetation communities, many second
order and certainly most third order boundaries will represent cross cutting
relationships, depending on the basig for the boundary delineation Some
may represent merely changes 1n soil color in the surface which are of no
conseguence to either land use or to the plant commumties there Such
boundaries may not be then necessarily ones we wish to delineate

3 The meaning of boundanes once delineated will still have to be
checked on the ground, and with sample aircraft photography Many tropical
arid, and semi—arid plant communities show little change throughout the
year (nothing anywhere near as drastic for example as leaf fall or fall color-
ation in temperate latitude deciduous communities) and furthermore they are
rather random in their occurrence through the years depending on chance
unigue and heavy rainfall Thus, 1t may be necessary to use higher resolu-
trons to obtain information needed on the entities these boundaries separate
One thing we may reasonably state The coarser the spacecraft resolution
the greater the uncertainty as to whether the entities which appear similar
on the photograph are indeed similar The greater the uncertainty the more
serious the problem of sampling If 1t 18 not known, for instance, how many
subcategories within an entity which are seen as similar on the space photo-
graph really exist, then their spatial distrabution cannot be forecast with
assusrance How then does one decide on a rational sampling strategy?

The implication from this, of course, 1s that a much heavier investment of
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time spent in aircraft and ground sampling will be necessary to resolve these
difficulties For the Alice Springs area [ have looked into the spatial distri-
butions of patterns waithin the entities as seen on the space photograph and

I believe that a 100 foot resolution would guite sigmificantly improve the
ability to delineate subsets within what 1s on the present resolution almost
indiscriminable

4 If one thinks of the entire data base as part of a system (the system
consisting of space photography, intermediate altitude aircraft photography
designed on some rational sampling basis, and lastly ground checks also em-
ploving some orderly sampling basis) the pluses and minuses in a systems
framework needs to be evaluated It may be more sensible to seek a hagher
resolution in spacecraft data and perhaps therefore cover a smaller portion
of an area to msure that the 1investmenti of taime 1n aircraft and ground work
may be rational rather than based upon random possibilities Certainly the
trade—~offs reguire study

2 STUDIES ON ROAD DETECTION IN THE DALLAS-FT WORTH AREA, TEXAS

Data

Apollo VI and Apollo IX color photography SO65 false color and multa-
band photographs, field checking, Texas highway department county road maps,
color separation plates, Philco-Ford density level slicing At a contrast ratio
of 1 6 to 1 the best resolutions are probably of the order of 200 feet, the
poorest of the order of 500 feet Average weighted areal resolutions lie in the
main from 300 - 400 feet depending on the film, based on data from IESD
NASA/MSC, and from Keenan and Slater (1969)

Items Investigated

Detection and delineation of roads as a function of road type, width,
and adjacent land use

Context of the Investigations

It has been suggested that space photography may be used to update
changing road networks This study was designed to determine for the Dallas-
Ft Worth area at the Apollo photography resolutions what class of roads were
fully and unambiguously discriminated and what the transfer function was for
lesser classes of roads in terms of percent detected and errors of commission
and omission A further part of the study 1s to determine the consistency
with which the data may be obtained on sequential or time separated space
photography and also to detect between-environment variations in detecta-
bility withan a single photograph Differences in road deteciion will obviously
be found in environments as unlike as the arid southwest, intensively cultz-
vated areas i1n the Great Plains and hilly mixed farming and forest regions in
the Eastern Umted States However, this study was specifically designed to
sample within~photograph variation to assess its possgible magnitude and
consistency
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Resulis

1 All super highways of the Federal Interstate System were detected
unambiguously

2 Lesser roads were variably detected on different parts of the same
photo and on different photos in a time sequence Some of this i1s random but
others appear to relate to the nature of the background against which the road
15 viewed Pasture and highly heterogeneous landscapes make for difficulty
of detection

3 Road width 1s the most important factor influencing detection and
the next 1s the background (pasture 1s the worst background for detection)

4 In order unambiguously to detect not only divided highways of the
Federal Interstate System butf also U S highways we believe that resolutions
of perhaps 100 feet will be required Lower orders of roads especially those
that consist of gravel and earth surfaces will require even better resolution for
unambiguous detection The resolution should certainly be no poorer than 4
fimes the road and shoulder waidth and 1t may be necessary in some areas
because of complex topography and backgrounds to use resolutions as good as
equal to the road and shoulder width

Discussion of Illustrations and Tables

Figure 6, shows the roads detected on a space photograph and color
separation plates of the Apcllo VI obtained March 31, 1968

Figure 7, shows four areas delineated on the Apollo VI photograph for
detailed comparisons

Figure 8, shows the Apollo VI color space photograph which may be
compared to the 1llustrations in Figures 6 and 7

Table 1, 1s a table showwing the detectability of roads by waidth on the
Apollo VI photograph  Obviously the widest roads are the most visible and the
narrowest roads the least visible

Table 2, shows the percentage of roads visible by class on the Apollo
VI space photograph for each of four areas in the region Note that while there
18, 1n general, a consistent decrease in detectability as road width and quality
deteriorates there are some peculiar and certainly some non-random major
fluctuations Fluctuations of this magnitude can occur on a single photograph
It 1s dafficult to see how such photographs can be used reliably to detect
roads except those of the super highway system

Table 3, shows the source of errors in false identification or roads
in the four county sample area These fall into errors of omission {not visible
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miles) and errors of commission {false alarm miles) The total percentage of
errors from both sources average out to 57 per cent and range as high as 69
per cent

Table 4, shows the percentage of roads that are visible and false
alarms on a varniety of Apollo space photographs including the Apollo IX SO65
experiment There 18 obviously considerable between-time and between-film

variations

Table 5, shows the comparison of road detection using multiple space
photographs in different combinations Again there 1s considerable variation
although many seem to clusier about 40 per cent of the miles being visible

Figure 9, 15 a comparison between 8-fold enlargements of a portion of
the Dallas-Ft Worth area photograph 300 foot resolution) and a portion of
the Cape Kenedy area {100 foot resolution) The gain in detectability of roads
18 substantial with the improved resolution

Possible Implications

1 One possible implication which follows from this analysis depends
on the quality of data one desires on road detection and delineation A high-
way engineer who demands to know exactly what 1s where and cannot accept
a probabilistic statement would find this information intolerable for all except
the super highway system I am not prepared to say that all super highways
everywhere in the U S would be unambiguously detected with similar
resolutions to those used in the Dallag-Ft Worth area

2 In detecting line elements 1n a landscape, multiple looks through
taime and multiple channels will aid in their detection However, the
ambiguities which reside in detecting line elements below the resolution limits
of a system are such that the multi-time or multi-band approach will not
consistently and unambiguously give the data required In short, this is a
case where I think there 1s no substitute for resolution In order unambai-
guously to detect both the FPederal Interstate System and the U § highway
system T doubt whether resolutions poorer than 100 feet could be used wath
spacecraft photography with the dynamic range found in hard copy color film

3 The cartography-geodesy panel, (Panel 13) of the National Academy
of Science Summer Study on Space Applications (1969) recommended that a 20
meter resolution photographic system could be utilized for updating maps
normally 1ssued at a scale of 1 250,000 In regard to transport sysiems,
such maps will include Interstate and U 8 highways and a number of State
highways. The study in the Dallas-Ft Worth area lends sirong support to
the view of the cartography-geodesy panel

4, We were not able to detect railroads on this photography, nor was
Barry Wellar (1969) in studies he has made in the Houston and San Antonio
areas Consequently we cannot make any estimates as to what the critical
resolutions may be for detecting railroad systems
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STUDIES EMPLOYING DATA FROM NON-NASA SOURCES

Three studies are reported in this section, the first dealing with the
feasibility of constructing thematic maps from space data, the second, waith
the resolution needs for thematic mapping in different environments and the
last with a comparnson of time avallable for radar and photographic imagery
obtamed over the United States

FEASIBILITY OF CONSTRUCTING EXISTING OR NEW
THEMATIC LAND USE MAPS WITH SPACE PHOTOGRAPHY

Data

A sample of about 100 thematic land use maps taken from the University
of Kansas map library were studied in general and a representative subsample
of 23 were studied 1n detail,

Ttems Investigated

The categories shown on each map were studied to determine what
proportion could be mapped with a spacecraft photograph using 100 foot reso-
lution and what proportion could not be mapped either because they repre-
sented synthetic categories, required too fine a resoluticn, or would need to
be based on inference rather than direct observaiion

Context of Investigation

No systematic study of thematic land use maps has ever really been
attempted The utilaty of existing maps 18 usually not clearly stated nor it
1s apparent from the map 1tself A rational classification of such maps 1s
also lacking and perhaps mnfeasible to produce. In our preliminary study of
thematic maps we found no systematic relationship existed between the
scale or the subject matter of the maps and their complexity. The makers of
the maps, mostly government agencies, do not state the reason for providing
such a map 1in most instances, but the existence of these and similar maps
would indicate that they are the types most used in resource studies, regional
planning, policy decisions, and other economic and governmental functions
Tt 1s virtually impossible to give either a full justificafion or a cost account-
ing for the production of such maps About all one can argue from then 1n
the spacecraft case 1s that these maps exist and presumably serve a useful
purpose It is our task now to see how many of the maps could be produced
with spacecraft data

Resulis

Very few existing land use maps at any scale could be exactly dupli-
cated from spacecraft data This arises because practically every map we
have inspected mixes some categories which could be observable using space
data with others which are non-observable The non-observable categones
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may require a) to fine a spatial resolution, b) information which 1s not ob-
tainable from space, being obtained from statistical sources or inferences,
or ¢) 1t represents a synthesis of matenal often from statistical sources

However, this evaluation has been based on traditional types of land
use maps and the kinds of categories they have always employved It i1s further
apparent that no consistent and rational theme of land use categories runs
through the maps we have studied Many of the maps are composed of 1llogical
and 1nconsistent categorization schemes Most reflect the pecularities of
their locales and the 1diosyncracies of their compilers as well as the diver-
sities of their data sources They frequently give emphasis to land uses
which would be of little importance considering the world scale

Tt wi1ll be unrealistic to expect that traditional detailed land use
categones with all their pecularities may be mapped waith space data Very
general schemes of categorization such as those being developed for space
prhoto use by the land use commaission of the Association of American Geogra-
phers, those used by Thower and Asscciates in the University of Califormia
of Los Angeles, and those developed by us in Kansas will require considerable
testing on thear applicability over large regions The single format imposed
by space photography 1s both an advantage and a constraint in the construction

of land use maps

Discussion of Illustrations and Tables

Table 6, 15 a summary of the capability to duplicate sample maps using
space data It may be seen that of the 23 maps only 3, each with a small number
of exceedingly simple categories, could be completely mapped from space
The capalility for mapping from space using about 100 foot resolution 1s broken
mto 5 classes

readily done with few and slight errors

can be done with moderate but normally "acceptable" error

can be done with large, but "possibly acceptable” error

unreliable c¢an be done only with great difficulty, errors are rarely
acceptable

5 cannot be done

s QO DN

Only one additional map (of Craighead County in Arkansas) could be repro-
duced with moderate but normally acceptable error (Class 2) More than half

of the maps fit 1nto categories hetween 3 and 4 One 1s forced to conclude from
this analysis that there waill be no facile slipping of space photography into an
existing system of producing land use maps. Completely new schemes of
categorization and methods of handling will be required It is instructive to
take a few of the categories in each of these maps for comparison to show the
types of problems we face in duplicating categories with spacecraft data
horticulture, unproductive land, Borneo Ironwood Forest, Casuarina Forest, dry
fields, Arid Hummock Grassland, Arid Scrub, Tropical Layered Forest, Alpine
Complex, Orchards and nursery gardens, yards, cemetaries, pit quarnes, shifting
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cultivation, coffee, cotton, forest and woodland grazed It 1s equally instruc-
nive to consider the categories which can be essentially fully done from space
the Craighead County (Arkansas) map has three categories — forest, settlement,
other, the French North Africa map has six categories — cultural zones, plateaus
and mountains, desert, erg, woods and forest, oasis, the map of China has two
categories — over 40 per cent of the area in cultavation, and 20~-40 per cent of
the arca in cultivation, the map of U 8 8 R has three categories — forest or
wooded area, principal cultivated areas, and all other categories

Possible Tmplications

The overriding implication of this study has already been stated, namely
that 1t will not be possible to duplicate many existing land use maps and that
new systems of categorization compatible with space photography and capable
of consistent application wall reguire to be developed and tested

RESOLUTION NEEDS FOR THEMATIC MAPPING
WITH SPACECRAFT PHOTOGRAPHY

Data Used
Aerial photographs of the following locations Western and Eastemn
Kansas, Virginia, Puerto Rico, South Vietnam, Costa Rica, New Guinea, Tanzania,

Panama

Items Invesiigaied

The number of discrete eniities in resolution cells of different size
were counted in each of the sample photographs The resolution cell gnd size
ranged over the following steps 1000 it , 400 ft , 200 ft , 100 ft , and in
some cases 50 ft Transparent overlay grids were placed over the photograph
and the number of discrete entities which fell in a single resolution cell at
these sizes were counted and tallied and then expressed as a percentage of
the total number of cells of a size-class investigated, The cells were broken
wnto 4 classes contaiming one, two, three, or four or more entities in a single
resolution cell An entity as used here represents apparently different ob-
jects such as cropland, water, forest, brush land and so on For example,
some of the larger cells may contain as many as 5 entities — bare ground,
crop A, crop B, forest, water, settlement

Context of Investigation

Predictions on the resclutions which may be acceptable with spacecraft
photography have generally been based upon considerations of the dimensions
of the objects being investigated Frequently these studies have implied that
the entities to be resolved exist in units which are both of sufficient si1ze and
so distributed in space that the same information will be obtained consistently
with a single resolution in many regions This 1s an exceedingly simplistic
notion and 1s incompatible with our knowledge that land use entities vary



13-12

markedly in size from place to place Sizes of fields cropped 1s the most
obvious of these, but there are many other entities which also have different
size distributions in different environments To illustrate this comment the
sample air photographs from a number of environments have been studied as

noted above

The second point of concern in tabulating the number of entities within
resolution cells of different size and 1n different locations relates to the
question of unambiguous i1dentification of entities using pattern recogmtion
techniqueg with multiple channels If the pattern recognmition process 1s to
be "successful" (or at least as successful as the technigue allows with a
given set of data) 1deally each cell should contain but a single entity, or, if
1t contains more than one, the others should constitute such a minor part of the
total as not seriously to perturb the value for the dominant entity Obviously
the coarser the resolution the more boundaries will be contained within a
single cell or entities This 1s the familiar problem of cell size in any sta-
tistical sampling procedure

Results

The tables of number of entities per resolution cell for the areas
studied indicate that for each environment there 1s a critical resolution size, at
which, and for finer resolutions, a high level of detection of a homogeneous
enfity becomes possible The term, homogeneous entity, 1s relative, it does
mean that only one kind of crop or plant 1s discriminated Some generalization
18 necessary. It imphes distinction between fields rather than distinctions
within a field, 1t implies distinction between clumps of trees rather than
between different tree species

It 1s too early to specify at what level we should choose to have
resolution cells contain single entities 1f for example we choose that 50
per cent of all resolution cells should contain but a single entity, the resolu~
tions which would be required to obtain this level would be 400 feet in large
wurrigated fields near Garden City, Kansas, approximaiely 200 feet in the
mixed farming regions near Lawrence in Eastern Kansgas,approximately 150 feet
in mixed farming areas in Orange County, Virginia, approximately 120 feet in
a sample area 1n Costa Rica, about 100 feet in the Agua Buenas area of Puerto
Rico, smaller than 50 feet in intensely irrgated areas in South Vietnam and of
the order of 100 feet in two areas each in New Guinea and Tanzania Only in
the ram forest region of Darien Province in Panama where virtually the whole
landscape 1s covered with rainforest would quite poor resolutions be acceptable

From this analysis we conclude that the resolutions needed to obtain
a parficular class of mnformation will change from environment to environment
and that 1f consistency 1s required then the most limiting environment to be
covered should be chosen to set the resolution constraints The alternative
1s to apply a fixed coarse resolution to a variety of environments,and accept
the fact that the results obtained will be acceptable in some areas, but not
in others Potential users of such data should be wamed of the limitations
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within which they must work, so that they are not misled by results obtained
mn large irrigated fields in southwest U S A where most studies with space
photography have been carried out to date

The consequences of applying a 400 foot resolution to a number of en—-
vironments are rather disturbing, particularly wher 1t 1s realized a 400 foot
resolution 18 likely to be close to the average weighted areal resolution (AWAR)
of some of the systems which will be proposed for ERTS satellites With this
resolution and a contrast ratio of 1 6 1, 50 per cent of the resclufion cells
would contain only a single category in Western Kansas, 36 per cent in Eastern
Kansas, 10 per cent in Eastern Virgima, 10 per cent in Costa Rica, 5 per cent
in Puerto Rico, none in South Vietnam, 22 per cent in New Guinea, 12 per cent
in Tanzania and another site 1n New Guinea and about 90 per cent 1n Panama
Of those cells which contain more than one entity, many will contain 3 or 4
or more (Consequently, since a single value only 1s obtained from a single
resolution cell in a gaiven wavelengih band the chances for acceptable discrimi-
nation drop, and that for serious errors in prediction increase correspondingly
Study of the tables given in the following 1llustrations leads me to repeat that
there are indications that 300 - 400 foot resolution will be unacceptable 1n sub~
stantial areas of the United States, let alone those areas where man's activiiies
are cut from a bolt with smaller paiterns We have a larger study underway on
this problem

Discussion of Illustrations and Tables

Figure 10, shows 6 photographs reduced to a common scale of 1) Western
Kansas, 2} Eastern Kansas, 3) Virgima, 4) Costa Rica, 5} Puerto Rico, and
6) Danen Province, Panama The sizes of the land use classes obviously
diifer considerably in these environments

Table 7, shows the proportions of the resolution cells which contain
specified number of categones for different resolution gnd sizes in commer-
cial agricultural areas of Eastern Kansas, Western Kansas and Eastern Virginia

Table 8, showsg for mixed commercial and subsistence agriculture in
Costa Rica, Puerto Rico, and Scuth Vietnam, the same matrix of resolution
grid size tabulated against the percent of the decision/resolution cells con~
taining a gpecified number of categone s It 1s obvious in comparing Tables
7 and 8 that the scales at which man patterns his landscapes varies widely
from locale to locale and consequently no single resolution will give the same
level of information 1n different environments

Possible Implications

1 The most important implication 1s that if the figures in these tables
hold over a greater variety of circumstances then we should be very careful in
accepting the notion that 300 -~ 400 foot resclution with an ERTS satellite w:ll
be equally useful throughout the United States While it may be adequate in



13-1k

areas of large wrmgation agriculture 1n southwestern United States and Western
Kansas, 1T wonder whether 1t will be satisfactory in the Mid West and south-

eastern and northeastern United States

2 It would be premature at this time to say that the above conclusion
1s certain I propose to carry out numerous further studies throughout the U S
so that we can tabulate adeguately the range of possibilities involved By the
time the next aircraft review rolls around I expect io have a much more thorough
study on this subject to present to you

COMPARISON OF TIME AVAILABLE TO RADAR AND PHOTOGRAPHIC
SYSTEMS IN THE UNITED STATES

Data Available

Data on precipitation rates per hour and percent cloud cover per hour
for each hour during the day, by month, averaged over a 10 yvear period for
150 stations 1n the United States This data 1s cbtained from Tables C and E
in Climatography of the United States, the Decennial Census of the Unmted
States Climate, Summary of Area Observations, 1951-1960 These data were
used with asironomical tables and computer programs were written to calculate
the amount of taime when cloud cover of less than 30 per cent existed with the
sun 30° above the honzon This enabled calculation of the time available for
photographic systems The amount of tame lost to radar was estimated at those
number of hours during the month i1n which the rainfall rates exceeded 0 25
inch per hour This value represents those cases when a 3 cm radar system
would suffer between 8 and 10 db 2~way attenuation

Items Investigated

1 Time available to photographic systems by month in the United States

2 Time lost to radar systems as a result of rainfalls in excess oi 0 25
inch per hour by month for the Un:ited States

3. Ratio of tuime available for radar in comparnison to photographic sys-
tems by month in the United States

Context of Investigation

There have been many comments in the literature on the utility of photo-
graphy and radar in different environments This study quantitatively shows
the vanations in time available to these sensors 1n different regions of the
United States Using this data 1t will be possible to compare areas realistically

Results

The results of this investigation are a series of maps showing respec-
tavely the amount of time available for photography with 3/10 cloud or less 1n
the United States by month and a series of maps for radar showing the number
of hours lost per month with rainfalls exceeding 1/4 inch per hour A third
series of maps are now being constructed which give the ratios of time avail-
able to radar in comparison to photography by month
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Discussion of Illusirations and Tables

Figure 11, shows the time available to photography with cloudiness of
3/10 or less and solar azimuth of 30° or greater for the month of July

Figure 12, shows the number of hours lost to X-band radar in Tuly
through precipitation eqgual to or exceeding 25 inches/hour In the mid west
and southeastern agricultural regions, the ratios of time available for radar
in comparnson to photography or a 24-hour basis range from 10 1 to 151 On
a davhght-hour basis 1t ranges from 6 1 to0 9 1

Possible Implications

1 In one sense this investigation demonstrates the obvious namely,
that there are many more hours available for radar imaging of the United States
than for photographic systems and that there are considerable regional dif-
ferences 1n the times available In demonstrating the obvious, however, it
forcefully reiterates that radar i1s virtually an all weather sensor when an
X-band system 1s emploved and that 1t 18 1ndeed the only sensor which can
meet the dual requirements of moderate to high resolution coupled with an on-
demand capability for obtaining information except under exitreme weather
condifions

2 There 1s a second implication to this study That 1s, if faime turns
out to be a better discriminant for land use identification than multiple
channels (see later discussion on the Lawrence area 1n Kansas) then optimal use
of aircraft would favor a system which could obtain the data without hindrance
of clouds This pownt can hardly be over emphasized

STUDIES USING NASA ATRCRAFT DATA

MISSION 54, JULY 1967
SITE 85, LAWRENCE AND VICINITY, KANSAS

Data Used

With RC8 color mnfrared photography 2436 data points were obtained,
five to a field for 487 fields, using a 1 mm spot size on a MacBeth Quantalog
color densitometer, (This gives an equivalent resolution of 75 feet) At each
data point densitometer readings were made of the blue, green, and red values
in the photo corresponding to the bands sensitive to the green, red, and
infrared spectral regions in the film. The data was digitized 1n 10 levels of
gray for each band and was randomly divided into two data sets for training
and Bayesian predictions Prediciions were made both with raw (unnormalized)
data and unnormalized categornies, and with normalized data and normalized
categories Normalizing the data enables one to obtain ratios which are not
subject to vignetting and perhaps some processing errors, while normalizing
the categories gives equal weight to all crop classes Normalization by
categories enables cne to test what would happen when one trains in one area
and predicts into an adjacent region which contains a different population
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distnibution of the entities within the sample The cleaner and sharper the
predictions for all categories in the tramning region the less likely are we to
obtain serious degradation in prediction quality as we move away from the
training set However, 1if particular categories are not well predicted even
1n the onginal framning set, with increasing change in the population distri~
bution of the various crops, predictions can rapidly become meaningless

Items Invesfigated

Training and Bayesian prediction for land use categories with only
single entities contained wathin a resolution cell Thus each cell was
measured well away from field borders

Context of Investigation

One proposal for an ERTS satellite suggested a three channel system
with channels in the green, red, and infrared reqions, essentially those
contained in color infrared film  The proposal also recommended that the
spacecraft be sun synchronous wath the northern hemisphere summer solstice
such a system would produce photography comparable in character and to
some degree in timing to that investigated in thas study

Many studies have recently been carried out with a 12 channel scanner,
and a 28 channel scanner 1s being built for continuin