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Figure 14: Composite of Landsat and airborne I~band radar images of
Death Valley, California: Landsat (red), radar - VH - wolarized (green),

radar- W - polarized (blue).

Image registration and color coding by digital image nrocessing (Image

Processing Laboratory of the Jet Promulsion TLaboratory).
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Abstract:

Satellite radar imaging has become a reality as a by-product of the
Apollo 17 Lunar Sounder Experiment in 1972. Presently research efforts are
being undertaken in preparation of future satellite radar mapping projects
(SEASAT-A, Space Shuttle, Spacelab, Venus Orbital Tmaging Radar). Planning for
acquisition and application of the satellite images depend, among others, on a
number of radargrammetric considerations to be discussed in this paper. Ques-
tions of single imape geometry and radar stereo viewing precede a review of
major geoscience applications of satellite radar images. These are presently
seen to be in oceanography (ocean waves), glaciology (sea-ice), geology/plane-
tology and general purpose mapping.

Resume:

Les imeges rsdar de satellite, anpariues comme sous-»roduit de 1'exoérience
de sonde luneire du vol Anollo 17 en 1972, sont d&s lors devenues une rdalité.
Actuellement des efforts de recherche sont entrenris vour la nrévaration des
futurs projets de cartopranhie vnar rader de satellite (Seasat A, Svace Sruttle,
Spacelab, Venus Orbital Imaging Radar).

Le calendrier de l'scquisition et de 1l'utilisation des ima;res dépend, entrs
avtres, d'un certain nombre de considérations radargrammétriques qui sont dis-
cutées aans cette présentation. Des questions de gzéoméirie d'images sinples et
d'ovbservation stérdoscopique rador sont présentées, suivies tar une revue des
applications _rincinsles des images radar duns les sciences de la terre.

, la glaciologie (marine), 1= géologie/ lanétolo-
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L'oclano;:

T
gie et 1a carto
tions orincinszl

sohi
craphie a
es.

1. INTRODUCTION

The Apollo 17 Lunar Sounder Experiment has, among other data, resulted in
the first satellite side-looking radar images (Phillips et al., 1973). Since
then efforts have continued towards development of radar imaging systems to be
put into orbit around the Earth and the planet Venus.

The acquisition and application of satellite radar images is influenced by
radargrammetric considerations. In the present paper, such considerations will
be reviewed with respect to single images and stereo mapping. This 1s preceded
by a discussion of features that are unique to satellite radar.

Practical results have been obtained with lunar satellite radar (Elachi, et
al, 1976). Examples of this work will be discussed in this paper where appro-

*This paper presents results of research carried out in part at the Jet Propul-
sion Laboratory, California Institute of Technology, under contract NAS 7-100,
sponsored by the U.S. National Aeronautics and Space Administration.
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priate. As a preparation for future orbital radar missions (Seasat-A, Space
Shuttle Payload, Spacelab, Venus Orbital Imaging Radar (VOIR)) work is present-—

ly being carried out with airborne images to study and illustrate potential appli-
cations. Examples presented in this paper will concern geology, oceanography,
radargrammetric mapping, and sea ice study.

2. SATELLITE RADAR

High resolution radar imaging from a satellite must be with a synthetic
aperture, since ground resolution would be comparatively coarse with a real
aperture. In the synthetic aperture radar the orbit height is a much less signi-
ficant parameter than in optical imaging as far a image resolution and scale is
concerned. The radar system is measuring distances between the antenna and the
object with an accuracy independent from the distance itself. This basic fact is
illustrated in Figure |: Radar ground resolution can be the same irrespective
of orbit height.

The width of an area covered by a single orbital radar imaging pass (swath
width) depends, among a series of other constraints, on the number of resolu-
tion cells that the recording and image correlation system can display. This
may be as many as, for example, 2000 cells. To cover a wide area, several recor-
ding units are required. The swath width is thus rather a function'of resolution,
not of orbit altitude. To cover a given swath satellite radar will have much
smaller variations of incidence angles (elevation angles) than airborne radar.
Therefore, an object appears to be more uniformly illuminated from near to far
range. Also, the radar layover and shadows can be more efficiently optimized
when the range of incidence angles is small.

One may thus conclude that orbit altitude only defines the range of inci-
dence angles for imaging a specified swath. These angles affect then the con—
version of range resolution into resolution on the ground, denoted by a (Figure
2). For a given range resolution, the ground resolution deteriorates with
steeper look-angles; these, in turn, have also a significant effect on the geo—
metry of the single image and the stereo pair.

A comparison of satellite and airborne radar shows that advantages of one
over the other are essentially those also encountered with other methods of ima-
ging: the foremost ones are the near-instantaneous coverage of large areas (sa-
tellite velocity is 7 km/sec. versus 0.2 km/sec. for aircraft) and the reduced
variable cost of repeated satellite imaging of the same area. The main reasons
to apply radar in conjunction with, or instead of, other sensing techniques are
the penetration capability (atmosphere, clouds, rain, snow, vegetation, etc.)
and the fact that radar provides its own illumination (is therefore independent
of sun, time of day). These advantages of radar have led to its wide-spread
application in many operational projects (Roessel, et al., 1974).

In addition, there are some characteristics of radar whose potential to earth
science applications have not yet been entirely explored: polarization, choice
of illumination angle, multi-frequency capability, sensitivity to object surface
roughness and to variations of dielectric constant, on-line image telemetry, etc.
Efforts to study these characteristics and the usefulness of radar for earth
science applications are presently intensifying,

3. GEOMETRIC PROPERTIES OF A SINGLE SATELLITE RADAR IMAGE

3.1 Visual Appearance of a Radar Image

Figure 3 presents an example of a satellite radar image taken in orbit
around the Moon from an altitude of about 116 km, The wavelength is 2 m. Imaging
is with elevation angles off nadir between 0° and 20°, thus from the nadir out
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Figure 3: Example of Apollo 17 Lunar Sounder Experiment (ALSE) side-looking
radar image and imaging arrangement.
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to the side of the satellite track. The lunar surface seems to be rolled onto
a cylinder. This is caused by the slant range display. The same effect is also
obtained with airborne radar and is particularly striking in the nadir area.
Figure 4 provides an explanation for the visual appearance of the image in Fi-
gure 3: the slant distances r between antenna and objects are presented as
cross~track image coordinates. Thig may also be explained by stating that the
projection lines connecting object and image points are concentric circles
around the antenna position (in a central projection, the projection lines are
straight and intersect in the perspective center).

Since points in the area of the nadir have all nearly the same distance
from the antenna, this area is compressed in the image leading to the noted
panoramic visual impression, The equation

2 2 2
r - Y = H (l)

relates orbit height H to slant range r and cross~track object coordinate Y,
For a given valué of H this presents a hyperbola with its point of symmetry
at r = 0 (antenna). Rectification can be accomplished by displaying as the
cross—track coordinate the distance

Y= @2 - a2y 172 (2)

An example of such rectification is shown in Figure 5, It presents a trué ortho-
graphic presentation of the imaged object only to the extent that H is known

and that. there are no secondary perturbations of image geometry present. In the
case of a non-flat surface, height differences evidently may result in relief
displacement and shadowing. This has been described at length in the radar 1i-
terature (e.g., Manual of Photogrammetry, 1966, Rydstrom, 1968; Leberl, 1975)
and will not be repeated here,

3.2 Projection Properties of Radar Images

Figure 6 presents sample computations for the scan lines of an orbital ra-
dar which is assumed to be at 30° latitude, 0° longitude and at 800 km altitude.
It illustrates that there are a number of phenomena which may cause a satellite
radar image to systematically differ from the geometry of map projections. A
number of corrections must be applied in the image formation. Systematic geo-
metric image deformations would be present if;

A

the cross~track dimension of the image represented slant range;

< the slant ranges were corrected to ground ranges using Equation (2), but plane-
tary curvature was not considered;

= the alongztrack dimension showed the effects of squint (correlation of the
synthetic radar signals with respect to a non-zero doppler frequency);

= the image showed effects of the planetary revolution.

Radargrammetric work with satellite images can have high relative accuracy
(distances and angles), The absolute accuracy (of determining point coordinates
from the radar images) depends largely on the accuracy with which the orbit can
be determined and the extent to which it is being applied for radargrammetry
(Tiernan, et al,, 19763 Leberl, 1976b). Concluding from experiences gained in
work with LANDSAT imagery and other types of satellite data, one must expect
higher relative than absolute accuracy,

The practical results of satellite radargrammetry using Apollo 17 data taken
over Crater Maraldi and Mare Serenitatis showed that the images had absolute
errors of up to several kilometers., Distances, however, could be determined with
errors of about + 200 m. It should be noted that the raw images were not correc-—
ted geometrically. All corrections had to be applied in the radargrammetric data
reduction. The values are not representative of mapping accuracies to be expec-
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Figure 7: Same side and opposite side arrangements for stereo radar.
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ted in future orbital radar projects. Such accuracies can be higher due to
superior resolution, accuracy of satellite tracking and system calibration.

4, RADAR STEREN MAPPING

4,1 Visual Radar Stereo

Stereo viewing of overlapping radar imagery can greatly enhance the inter-
pretation of the images by providing an improved means to observe morphological
details, to determine slope angles and height differences and to improve carto-
graphic mapping and point positioning accuracies.

With synthetic aperture radar relief displacement is always in cross-
track direction (at 90° to the nadir line). Theérefore, overlapping images can
produce a three-dimensional visual stereo model only with two schemes (Figure
7): same-side and opposite-side (LaPrade, 1963; Rosenfield, 1968). Another
scheme with cross-wise intersecting orbits does not seem to permit visual
stereo (Graham, 1975). Other types of stereo arrangements would only be possible
with real aperture radar, for example with convergent schemes using tilted an-
tennas (Leberl, 1972; Bair and Carlson, 1974),

In order to view a three-dimensional model, the two images of the stereo
pair must be sufficiently similar: the image quality and object illumination
must be comparable and the geometric differences (stereo parallaxes) must not
exceed a certain maximum., In photography this hardly ever presents a problem
since the sun angles do not chance drastically in overlapping photos. However,
in radar images the illumination angles depend on the sensor position and so
does the appearance of the images,

Figures 8 to 11 present examples of radar stereo pairs demonstrating some
of the limits to stereo viewing, Figure 8 shows part of the Estrella mountains
in Arizona, USA, imaged with an opposite side arrangement from an aircraft at
12 km altitude. It can be clearly seen that slopes that reflect strongly in
one image are in the radar shadow in the other image. A stereo impression can
be obtained in the flat areas of this stereo pair but becomes very difficult in
the mountains, Figure 9 demonstrates a same side stereo pair taken with the
same radar system. Stereo viewing does not present any problems, Koopmans
(1973) could show in one experiment in Colombia, with this type of stereo, that
in certain cases drainage analysis was superior to that from available aerial
photography.

Figures 10 and 11 present two Apollo 17 satellite radar stereo pairs taken
of the lunar surface with same side geometry and very small stereo base. How-
ever, look-angles are steeper than those in Figures 8 and 9. This leads to
larger relief displacements and differences of image content in the stereo
mates even with a small stereo base. In the flat parts of Figure 10 stereo
viewing is not difficult. However, in the Apennin mountains stereo fusion
becomes nearly impossible. This is even more so in Figure 11 taken over the
rugged Oriental region.

From the above examples the following factors influencing radar stereo
viewing can be identified:

Stereo arrangement (same-side, opposite-side);
Look-angles (angles off-nadir);

Stereo intersection angles;

Ruggedness of the terrain.

The exact limits of radar stereo and the interrelation among the above factors
are presently not well understodd. Apart from an effort described by LaPrade
(1970) research has in the past not dealt with visual stereo but with the
geometry of intersecting radar projection circles. In addition, LaPrade (1970)
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Figure 8; Opposite side radar sterec with airborne SAR of the Estrella
mountains in Arizona, USA (courtesy of Goodyear Aerospace — Litton
Aeroservice).

10 km

Figure 9; Same side radar stereo with airborne SAR of an area near Needles,
California, (Courtesy of Coodyear Aerospace — Litton Aeroservice).
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Figure 10: Same side

stereo with lunar Apollo 17 SAR of the
Appennin region,

—_ 10 km

Figure 11: Same side stereo with Apollo 17.8SAR of
on the moon, w10 km

the Oriental region
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concentrated on stereo viewing of man-made features and small objects, not of
terrain features.

Past experiences lead to the tentative conclusion that opposite-side stereo can
only be applied in cases of flat or rolling surfaces, while rugged terrain
requires samesside imaging. Stereo viewing improves with shallower look-angles
(45° off nadir and more). With steeper look-angles (near nadir) the stereo

base has to reduce for successful stereo viewing, thereby leading to less
accuracy.

4.2 Accuracy and Geometry of Radar Stereo Models

From orbit the swath will be covered with a rather small range of viewing
angles (from 800 km altitude, a 100 km swath can be imaged with a 5° range of
look-angles). Therefore, an extremely small stereo-basis and poor intersection
geometry are obtained using same-side geometry with 60 % overlap. Figure 12
provides results on the accuracy of a stereo model where Y is the cross-track
and Z the height coordinate. Given a 3° intersection and a root mean square
error of range of + 10 m, several hundred meters of Y- and Z-errors will be
obtained. However, accuracies improve rapidly with larger intersectionoangles.
With aircraft radar, a frequently used stereo intersection angle is 15 and
that seems to provede valuable stereo, To obtain such large stereo angles from
orbit, the look-angles in the two orbital stereo passes have to be different
(Figure 13).

Viewing the lunar orbital stereo pairs, such as Figures 10 and 11, shows
that also in the stereo model the surface seems to be rolled onto a cylinder
(Phillips, et al., 1973). It can be confirmed algebraically that the stereo
model has a 4th-order cylindrical bow (Leberl, 1976a)., This could be avoided
if images were presented with corrected cross<track coordinates ("ground range
presentation'). However, the observed model heights would still have to be con-
verted to object heights using parallax formulas that differ from those used
with photography. Such formulas have been published by many authors (e.g, Koop-
mans, 19743 Derenyi,1975; Leberl, 1975).

Actual results on stereo mapping with orbital radar were obtained with the
lunar Apollo 17 data (Leberl, 1976b). From a 116 km altitude, the stereo base
was 3 km, the intersection angles amounted to about 2°. The root mean square
height error amounted to + 100 m, and across~track coordinate errors to about
+ 500 m. This confirms theoretically derived predictions that were illustrated
in Figure 12,

5. MAPPINC APPLTICATIONS

5.1 Geology/Planetology

Airborne imaging radars have been widely used by oil and exploration com-
panies for reconnaissance surveys of potential sites of mineral deposits and
for geologic mapping. There are two kinds of information that can be extracted
from radar images, Radar images are used in a way similar to photography to
extract morphological information. They show topographic features, lineaments,
texture, vegetation lines, drainage patterns and fault scarps (Dellwig and
Moore, 1966; Schaber, et al., 1976; Wing 1970; Wing and Dellwig, 1970; Wing,
et al., 1970).

The second kind of information is a result of the fact that the radar back-
scatter (i.e., brightness on the image) is directly related to the surface
roughness and dielectric constant. A quantitative measurement of the brightness
in calibrated radar images allows the classification of a region in different
categories of backscattering units. In cultivated regions, these different back-
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Figure 15: Radar image of ocean waves, taken at L-band from an altitude of 10
kilometers.
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backscattering units (Schaber, et al., 1976) correspond to areas with different
vegetation coverage (i.e., type of vegetation or stage of vegetation growth)

or different soil moisture. In arid regions, these backscattering units corres—
pond mostly to regions of different roughness. The complementary use of the
morphologic and roughness information goes an appreciable way in understanding
the surface geology.

Radar 1magery can thus provide unique information on the surface geology.
The most unique features of radar have been mentioned before (all- time, all-
weather sensor). The experimentor has complete control over the illumination
angle, which can be selected depending on the tvpe of experiment. Geologic
mapping is better accomplished with large incidence angles (look- angles of f-
vertical) to enhance topography, while soil moisture mapping requires small
incidence angles to minimize the effect of small scale roughness.

The dependence of the image brightness on the surface roughness (on the
scale of the radar wavelength, i.e., from a few millimeters to a few tens of
centimeters) also sets radar apart from visible and IR imagery whose brightness
depend on the spectral reflectance (or emittance) of the surface (in the wave-
length region of a fraction of microns to a few tens of mlcrons) Thus, the
combination of multi-spectral radar. IR and visible 1magery can prov1de new
information that may not be extracted from one type of imagery alone. Research
is just starting in the area of 1nterpretat10n of multispectral radar/IR/visible.
Flgure 14 shows L-band airborne radar imagery digitally registered to LANDSAT
imagery of Death Valley in California. False colors are used to facilitate the
analysis. However, actual experlences with interpretation of multi-sensor image
composites are not yet available in the literature.

A number of Earth orbiting experiments on the Shuttle (OFT-2 in 1979) and
on Spacelab (flight in 1982) are planned by NASA to evaluate the use of imaging
radars for geologic mapping. These experiments will be used to define an opera-—
tional free flyer for global mapping.

The techniques developed in the interpretation of radar imagery of the
Earth will be the basis for interpreting the data obtained with planetary orbi-
ting radar. The specific case in question is the Venus Orbiting Imaging Radar
(VOIR) mission which is under consideration by NASA for a 1983 launch. The
surface of Venus is hidden behind a global cloud cover. The only information
on the surface topography was obtained using Earth-based radar, which provided
low resolution (i.e., many kilometers) over a small percentage of the surface.
The VOIR sensor will provide global mapping of the Venusian surface with reso-
lution better than a few hundreds of meters.

5.2 Oceanography

In 1978, the Seasat-A satellite will be put into near polar orbit with an
imaging radar onboard. The main objective of the radar experiment is to map the
ocean surface and provide all-weather/all-time global information on wave
patterns, sea surface features (such as currents) and polar ice features (see
Section 5.4).

Airborne radar imagery of a variety of ocean surface features have been
reported in the literature. Ocean waves have been imaged under a variety of
conditions from relatively calm seas to hurricanes (Brown, et al., 1976; Larson,
et al., 1976; Elachi and Brown, 1977; Elachi, 1976, 1977; Shemdin, et al., 1976;
Elachi, et al., 1977). Internal waves (Elachi and Apel, 1976), current boun-
daries (Larson, et al., 1976), weather fronts, eddies and ship wakes (Brown, et
al., 1976) have also been observed.

In the case of ocean surface waves, the radar image is representative of
variations of the coherent radar backscatter cross-section, which in turn is
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dependent of the local slope, orbital velocity, phase velocity and small scale
roughness. The exact mechanism of image formation is not well understood. How-
ever, experimental measurements verified that the radar image gives the wave-
length and direction of the ocean waves (Figure 15). Some techniques are also
being tested to derive the wave heights from the radar image (Jain, 1977).

Evidently, also in oceanographic applications, one of the most attractive
features of the radar is its all-weather capability. This was clearly illustra-
ted when imaging of wave patterns was obtained under hurricane Gloria in 1976,
using the JPL (Jet Propulsion Laboratory - California Institute of Technology)
airborne imaging radar (Elachi, et al., 1977).

5.3 General Purpose Land Mapping

National topographic mapping tasks generally appear to lag behind demand.
In less developed regions of the world this applies to basic mapping, while in
industralized countries the bottleneck is in the revision of existing topo-
graphic maps. A mapping application of satellite radar data may be in remote
regions where, thus far, airborne radar has found a task (areas of tropical
rain forest). This may apply to small scale planimetric mapping, to map revi-
sion and - in exceptional cases - to height mapping. Applications in industria-
lized countries have not been explored. Radar may have to compete in this task
with satellite photography which, in the age of the Space Shuttle, may be ex-
pected to be available to a much greater extent than in the past.

5.4 Sea and Lake Ice

Monitoring sea and lake ice, as well as icebergs, is a task that can
successfully be carried out with radar (Schertler, et al., 1975; Super, et al.,
1975; Campbell, et al., 1976), Since arctic regions are often cloud covered or
not well illuminated by the Sun, this makes radar a tool well suited for the
ice monitoring task. Figure 16 presents examples of synthetic aperture radar
images at L-band (25 cm wavelength) and X-band (3 cm) of arctic sea ice taken
from an airplane at an altitude of 10 km during spring, summer and fall (note
the differences of images 16a,b in X- and L-band due to greater surface pene-
tration of L-band). In an ice mapping study, using such images taken at dif-
ferent times, the overall ice drift could be measured with an absolute accuracy
of about + 2 km and relative ice motions within one image were found in error
for about + 0.1 km (Leberl, et al., 1976)., It is expected that accuracies ob-
tained from satellite radar would be better than those obtained from aircraft
data since orbit stability is: higher and the swath is wider in proposed satellite
projects,

5.5 Other Earth Science Applications

There are numerous other potential applications of radar imagery which
are at different levels of maturity. Of high importance appears to be the use
of radar for measuring soil and snow moisture content, identifying vegetation
types and assessing vegetation health, The level of experiments is still at a
stage where truck mounted radars and airborne scatterometers are being used.
These indicate, however, that there is a great potential for radar in the above
mentioned applications. Imaging radar has also been investigated for land use
and urban mapping (Bryan, 1975).

6. CONCLUSTIONS

Research on earth science applications of radar images seems to have been
intensified recently, after a period in which efforts were largely concentrated
on satellite scanning..This may be, in part, caused by opportunities that may
be derived from satellite radar mapping projects that are presently being pro-
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posed in the U.S.A. The main thrust is in oceanographic and sea ice applica-
tions, but efforts also aim at uses of satellite radar images in geology/plane-
tology, general purpose and vegetation mapping.

The main advantages of radar are its penetration capability (e.g., clouds)
and its active mode of operation (day and night imaging). Other characteristics
(polarization, choice of look-angles, etc.) may contribute to applications of
radar in conjunction with, or instead of , images obtained from different sen-
sors. Such characteristics are reviewed in the paper with respect to major
applications. This is preceeded by a discussion of radar image geometry and
stereoviewing concerning visual appearance and accuracy of the image and stereo-
model. Stereo interpretation of radar may be a valuable asset in the mapping of
cloud-covered planet Venus in a radar mission planned for 1983,
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