Shuttle Imaging Radar Experiment

Abstract, The shuttle imaging radar (SIR-A) acquired images of a variety of the
earth’s geologic areas covering about 10 million square kilometers. Structural and
geomorphic features such as faults, folds, outcrops, and dunes are clearly visible in
both tropical and arid regions. The combination of SIR-A and Seasat images
provides additional information about the surface physical properties: topography
and roughness. Ocean features were also observed, including large internal waves in

the Andaman Sea.

On its second flight in November 1981,
the space shuttle Columbia carried its
first scientific payload into earth orbit.
Part of this payload was the shuttle imag-
ing radar (SIR-A), which acquired radar
images of about 10 million square kilom-
eters around the world. These images of
a variety of geologic regions in different
physiographic settings should enhance

our understanding of the uses of radar
imagery, alone as well as in conjunction
with other remote sensing data, for geo-
logic mapping. In this report the SIR-A
experiment and some of the preliminary
scientific results are described, including
the sensor and the performance it
achieved during the mission and exam-
ples of the data analyzed from a number
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_Fig. 1. (a) SIR-A image of an area in the southeastern desert of Egypt, (b) Lineament map with a
rose diagram (insert, upper left) of lineaments longer than 5 km.
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of geoscience disciplines—structural
geology, geomorphology, cartography,
land use, and oceanography.

The SIR-A sensor is a synthetic aper-
ture imaging radar which produces high-
resolution images of the surface by the
use of the time delay and Doppler history
of the returned echoes (/). The radar
sensor generates a high peak power sig-
nal which is frequency-modulated and is
radiated through a planar array antenna
toward the earth’s surface. Part of the
returned echo is collected by the anten-
na, amplified and detected by the receiv-
er, and coherently recorded on optical
film. This ‘‘signal’’ film contains a rec-
ord of the returned echoes in holographic
form. The film retrieved from the shuttle
was processed in an optical correlator,
where the synthetic aperture is effective-
ly formed. From the information from
thousands of echoes, the high-resolution
image is generated and recorded on the
image film. The image is a two-dimen-
sional representation of the surface scat-
tering which in turn is a function of the
surface physical properties—that is,
slope, roughness, and dielectric constant
(2). The SIR-A sensor was designed to
acquire surface images with a resolution
of 40 meters. Other SIR-A characteris-
tics are summarized in Table 1. The
sensor was in operation for 8 hours dur-
ing the 2%-day flight. Images were ac-
quired over regions with surface covers
that ranged from tropical forests in the
Amazon and Indonesia to the completely
arid deserts of North Africa and Saudi
Arabia.

During the flight, two engineering ex-
periments were conducted to determine
the sensor performance. Corner reflec-
tors were deployed near Lake Henshaw
in southern California to provide a num-
ber of bright targets, smaller than the
resolution elements, for measuring the
point response of the sensor, particular-
ly its resolution and sensitivity. A good
image of the corner reflector array veri-
fied that a resolution of 40 m was ob-
tained. In the second experiment,
ground receivers measured the energy
incident on the surface as the shuttle
passed by. This would allow character-
ization of the antenna pattern and the
determination of changes caused by in-
terference from the shuttle structure.
The pattern obtained during the flight
and during a laboratory test were almost
indistinguishable.

Land observation. Imaging radar data
have been particularly useful in geologic
structural mapping because radar scat-
tering is sensitive to surface topography
over a wide range of scales. Surface
structural features such as lineaments,
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faults, fractures, domes, layered rocks,
and outcrops often cause recognizable
variations in surface topography, cover,
or roughness. Examples of some of the
structures observed with the SIR-A are
described below.

1) Lineament mapping:

The SIR-A image and corresponding
interpretation of an area in the southeast-
ern desert of Egypt (Fig. 1) focus on a
region of late Precambrian shield which,
for the most part, has been tectonically
stable for the last 500 million years.
Accumulation of sand in wadis produces
a dark tone on the radar image because
of the smooth surface. Narrow wadis
often mark the location of major faults,
where selective erosion has occurred.
The Cretaceous Nubian Sandstone on-
laps the Precambrian shield on its west-
ern boundary. These outcrops have a
relatively bright albedo because of the
rough, eroded surface and are also char-
acterized by well-developed dendritic
drainage. Granitic plutons are generally
circular in shape and have a dark center,
corresponding to relatively smooth areas
that have eroded rapidly relative to the
country rock. In some cases, the granitic
plutons have dike swarms or parallel
joint fractures, and these are readily dis-
tinguished on the image. Many of the
granite plutons were intruded in a geo-
logically narrow time span, about 575
million to 600 million years (3). In some
cases, an older syntectonic suite of
granodioritic plutons can be recognized
because of the strong erosion and conse-
quent dark appearance. The plutons pro-
vide an important age constraint on the
lineament analysis.

Many of the lineaments that are longer
than 5 km (Fig. 1b) most likely represent
faults because of observed feature offset.
Three sets of lineaments are apparent.
The set striking nearly west does not cut
any of the granite plutons and thus is
probably the oldest. A second lineament
set trends at about N45°W, which is
approximately parallel to the coast of the
Red Sea. Since this group displaces out-
crops of the Cretaceous Nubian Sand-
stone, or at least strongly controls its

Fig. 3. (a) SIR-A image of part of the Appala-
chian Plateau in southeast Kentucky. (b) Lin-
eament map derived from SIR-A image show-
ing major faults and fold areas. Labeled faults
are PM, Pine Mountain; Co, Coeburn; RF,
Russell Fork; Ca, Canebrake; LP, Little Paw
Paw Creek; KM, Keen Mountain; SP, St.
Paul; Ri, Richlands; Sa, Saltville; and Pu,
Pulaski. [abeled major lineaments are To,
Toler Creek; In, Indian Creek; Fr, Frasure
Creek; Gp, Grapevine Creek; Ga, Garden
Creek; and Mc, McClure Creek.
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Fig. 2. SIR-A image of part of the Kelpin Tagh uplift region in northwestern China.
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Fig. 4. (a) SIR-A and (b) Landsat images of the Virginia Dale ring-dike complex. The Landéat image was acquired l)cccchr 1976. The solar
elevation was 20° above the horizon with an azimuth angle of 149°, The SIR-A look direction was about N10°E. ’

Fig. 5. Part of the Lengguru Fold Belt in New
Guinea.

Fig. 6. SIR-A image over the Pakaraima
Mountains near the boundary between Guy-
ana and Venezuela.
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deposition, it must have been active in
Mesozoic time. The strongest linear fea-
ture on the image is the northwest-trend-
ing boundary in the Nubian Sandstone,
which separates two areas of appreciably
different surface characteristics. This
boundary seems to be an extension of
mapped faults to the north and south and
therefore would be part of one of the
longest well-defined lineaments in the
eastern desert, with a strike length of at
least 250 km.

A third set of lineaments (trending
N10°W to N5°E) is approximately paral-
lel to the direction of the Dead Sea—-Gulf
of Aqaba Fault, an active left-lateral
transform fault associated with Tertiary
to Recent opening of the Red Sea. Many
lineaments in this group are observed to
cut the posttectonic granitic plutons in
the radar image. One obvious fault in this
group displaces an older lineament and a
granitic pluton by about 2 km in a left-
lateral sense. It is also approximately on
strike with the Aqaba Fault. This align-
ment and left-lateral motion, coupled
with the age constraints on this linea-
ment set (derived from observed dis-
placement of granitic plutons), suggests
that these faults are Mesozoic or youn-
ger and are associated with the Red Sea
rift-transform system. It is also possible
that this set of faults is Precambrian in
age but was reactivated during the open-
ing of the Red Sea. In this case, pre-
existing tectonic trends in the shield
would have controlled the orientation of
the Red Sea rift.

Images of the Kelpin Tagh uplift in
northwestern China (Fig. 2) illustrate
large-scale faulting. Faults are visible
because of the displacement of the sedi-
mentary rocks that control the topogra-
phy. The stratified sandstones, lime-
stones, and shales exposed on the upper
portions of the cuestas (hogbacks) are
easily delineated on the image. The allu-
vial fans that are pervasive below the
cuestas are also well defined on the radar
image because of the sensitivity of the L-
band radar (23-cm wavelength) to small
changes in gravel sizes and the strong
increase in Rayleigh scattering at about
the 4 to 6 cm mean relief scale, as
described (4) in Death Valley, California.
The playas are characterized by dark
tones because of their smooth surfaces.

The SIR-A image of the Appalachian
Plateau in southeast Kentucky (Fig. 3a)
shows an area that is fully covered by a
dense forest of mixed deciduous and
coniferous trees and is deeply dissected.
A major structural feature is the Pine
Mountain overthrust, where a plate of
plateau rocks has been carried northeast
for a distance of about 6.4 km over ridge
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Fig. 7. SIR-A image of a volcanic field west of Raton, New Mexico.
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Fig. 8. SIR-A image of the northern part of the great Kavir Salt Desert in Iran.

Fig. 9. SIR-A image of a regional sand sea in the Lake Chad Basin northwest of N'Djamena,
Chad.
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Fig. 10. (a) Landsat and (b) SIR-A images of the Talemzane crater

and surrounding region in Algeria.

and valley rocks (5). On the lineament
map derived from the SIR-A image (Fig.
3b) linear valleys or alignments of valley
segments that are 15 km or longer corre-
spond primarily with mapped faults from

published sources. Shorter lineaments

are primarily oriented parallel to fault
trends. This parallelism suggests that the

lineaments are most likely structural in.
origin, a suggestion supported by the-

observation that the Toler Creek, Grape-
vine Creek, and Frasure Creek linea-

ments are oriented approximately paral-

lel to structure contours on the subsur-
face Ohio Shale (6). The shorter linea-
ments also trend nearly parallel with
linear segments of a strong magnetic
gradient in the basement shown on the
aeromagnetic map of Kentucky. Also,
fieldwork has shown that the Indian
Creck linecament is the site of faulted
rocks.

The detection of linear fractures with a
radar or a visible wavelength sensor is
strongly dependent on the illumination
geometry. This is illustrated by the
Landsat and SIR-A images (Fig. 4) of the
Virginia Dale ring-dike complex along
the Colorado-Wyoming Front Range.
The fracture patterns in the igneous com-

plex, which trend north-northwest (fea-

ture F), are clearly visible on the SIR-A
image, where the illumination is almost
perpendicular to the direction of the frac-
tures, The pattern is barely visible on the
Landsat image because the solar illumi-
nation is oriented almost parallel to the
fracture trend. The opposite situation
occurs in the case of the linear feature
that is visible on Landsat but not on SIR-
A (feature E). Thus, in order to get a
more comprehensive lineament map,
both Landsat and SIR-A data are need-
ed.
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2) Fold structures:

Fold structures are recognized be-
cause of their shape and form as ob-
served on visible or radar images. The
folding of the rocks and the subsequent

5 10 km

crosion lead to characteristic patterns of
topography, surface roughness, or vege-
tation cover. Figure 5 shows a folded
structure in the Lengguru belt in New
Guinea. This is a densely forested area
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Fig. 11. (a) SIR-A image and (b) the corresponding section from a 1975 Defense Mapping
Agency map of a section of the Japura River in the Amazon Basin, Brazil.
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where the folded structure is observed
because of variations in the topography.

3) Dissected plateaus:

The SIR-A image of the Pakaraima
mountains in western Guyana (Fig. 6)
shows an area of dissected plateaus and
mesas with an elevation of about 1000 to
1500 m. Considerable structural details
can be seen despite the complete rain-
forest cover. Foliation trends, fractures,
and major lithological units can be distin-
guished although fieldwork is necessary
to ascertain lithological detail. Deep pre-
cipitous canyons have been eroded into
the plateau. The canyons are enhanced
on the image from the bright returns at
the foreslopes and from shadowing at the
backslopes. The uplar_ld is directly un-
derlain by flat-lying sedimentary rocks of
the Proterozoic Roraima Formation. Ex-
tensive linear stream valleys and drain-
ages in the plateau area are structurally
controlled. Linear offsets of the channels
follow joints and faults. The wide low-
land valleys are underlain mostly by ba-
sic igneous intrusive rocks of Mesozoic
age, and stream channels meander in the
lowland valleys. There is a subtle textur-
al difference on the radar image between
the plateau and the lowland valleys. This
area of Guyana and the adjacent Gran
Sabana of Venezuela are exceptionally
inaccessible.

4) Volcanic fields:

Volcanic lava flows are usually char-
acterized by bright radar albedo because
of their surface roughness, and recent
flows may be associated with recogniz-
able volcanic features. On the SIR-A
image of a veolcanic field west of Raton,
New Mexico, the brightest feature is
Sierra Grande (Fig. 7, H-3), a large intru-
sive mass of dacitic volcanic rocks.
These rocks are of higher silica and
alumina content than the common basal-
tic lava flows. They form coarse-grained
talus that slides down the slope. These

coarse fragments give a bright radar re-

turn. In contrast, Eagle Tail Mountain
(C-5) is a volcanic center surrounded by
lava flows of basaltic composition. The
main body of the flow gives a low return.
The margins of these flows chilled during
eruption and were broken up by the
continued flow. Most of the blocks slid
down the edge of the flow forming a
blocky talus. Thus the flow is outlined by
a bright band as seer in the image.
5) Salt pans:

'The SIR-A image of the northern part
of the Great Kavir region in Iran (Fig. 8)
shows this extensive salt desert that con-
sists of a subtle combination of salt-
encrusted playa basins surrounded by
folded and eroded Miocene rocks, which
are mostly evaporites. The evaporites
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Fig. 13. SIR-A images of part of the Arabian Sea showing numerous oil platforms and ocean
vessels.
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Fig. 14. SIR-A image of a large internal wave train in the Andaman Sea. The data were acquired
on 14 November at 10:56 GMT.
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are covered by a regolith of ‘‘puffy
ground,’’ up to a meter thick, caused by
alternate wetting and drying of the
weathered bedrock and consequent
churning of the silts and clays that make
up the surface (7). Locally the surface is
punctured by spectacular salt diapirs.
The salt flats have a wide range of bright
variations on the radar image, corre-
sponding to the variation in the surface
roughness. In some areas strata of the
folded Miocene bedrock can be seen
clearly on the radar image though they
are difficult to discern on-the ground
because of the in situ regolith.

6) Sand dunes and sand streaks:

Images of sand dunes in North Ameri-
can deserts imaged by Seasat and air-
borne radar (8) showed that these fza-
tures give a dark response typical of
smooth surfaces unless dune facets are
oriented approximately normal to the
radar source or the dunes support some
vegetation. The illumination direction is
also critical in attaining images of dune
patterns, which identify the morphologi-
cal type. Such morphologic identifica-
tion is essential if dunes are to be used to
interpret causative wind regimes.

These observations agree with those
of SIR-A images of large dune fields in
Africa and Asia. Images were acquired
over parts of several major deserts in-
cluding the Taklamakan, Badain Jaran,
Ulan Buh, and Mu Us deserts in China;
the Kara Kum desert in the Soviet

Table 1. The SIR-A sensor characteristics.

Parameter Value
Frequency 1.3 Ghz
Wavelength 23 cm
Polarization HH
Look angle 47° = 3°
Incidence angle at surface 50° + 3°
Image swath width 50 km
Image resolution 40 x 40 m
Antenna size 21 xX95m
Area covered 107 km?
Average orbital altitude (km) 259 km

Union; the An Nafud in Saudi Arabia;
and the Sahara of northern Africa.

The transverse (barchanoid) dunes
(Fig. 9) in the Lake Chad Basin of N’'Dja-
mena, Chad, are part of a regional sand
sea built by Saharan winds from re-
worked alluvium during one or more
episodes of aridity, when the lake re-
ceded (9). During episodes of more hu-
mid climatic conditions, the lake rose,
flooded the dunes, and left diatomaceous
deposits capped by limy beds in the
interdune hollows. Regional recession of
the lake has left large dune ridges stand-
ing above interdune flats that are char-
acterized by abandoned or ephemer-
al drainage channels, wind-eroded lake
beds, rough salt playas, and vegetation.
These surfaces give a wide variety of
signatures on the SIR-A image. The dune
ridges, whose long axes are aligned par-
allel to the direction of illumination, are

mostly dark. The bright patterns corre-
spond to the strong return from the
heavily vegetated interdune flats. The
irregular outlines of the sand ridges are
typical of vegetated, inactive dunes that
have been weathered and eroded under
conditions of climatic oscillations.

7) Craters:

Recent impact craters, such as the
Talemzane crater in eastern Algeria (Fig.
10, a and b) are characterized by rough
ejecta rims that may be recognizable on
radar images. The Talemzane crater is
1.75 km in diameter and 70 m deep. It
was dated at about 0.5 to 2 million years
old (/0). The bright halo on the SIR-A
image (Fig. 10b) corresponds to the
rough ejecta on the rim. Field observa-
tions (/0) indicated that blocks up to a
size of Im are not uncommon, Figure 10
also illustrates the superior capability of
SIR-A (Fig. 10b) radar sensors, relative
to visible sensors (Fig. 10a), in portray-
ing some of the surface features in arid
regions. The dendritic dry drainage
channels are highlighted on the radar
image most likely because of the sand
filling of their stream channels. In the
visible part of the spectrum the albedo of
the filling sand seems to be close to the
albedo of the surrounding country rock,
leading to the subdued expression of the
surface features.

8) Cartography in remote regions:

Radar sensors are insensitive to cloud
cover, a feature that is particularly help-

Fig. 15. Color composite image of digitally coregistered SIR-A and Seasat images of the southern California coastal area near Santa Barbara. The
SIR-A data correspond to the color and the Seasat data (rectangular insert) to the intensity.
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ful in mapping tropical regions where
cloud cover is extensive and surface
access is difficult. Such a region is the
Amazon, where most recent maps of the
major surface features are still not accu-
rate. Comparison of the SIR-A image to
the most recent (1975) Defense Mapping
Agency map shows major discrepancies
at the junction of the Amazon and Jupura
rivers, which are most likely a result of
errors in the mapping (Fig. 11, a and
b).

9) Land use:

The radar scattering is strongly con-
trolled by small-scale roughness, surface
vegetation, and man-made structures.
Urban regions strongly backscatter the
radar signal either because the walls of
buildings form corner reflectors with the
surface, or because of the abundance of
metallic structures, or both. Towns, vil-
lages, and roadways are delineated in the
SIR-A image of the region north of
Chinan in northeastern China (Fig. 12).
Because of their strong return, man-
made structures can usually be observed
even if their physical size is smaller than
the sensor resolution, as shown in Fig.
13, which shows the radar images of oil
platforms in the Arabian Sea.

Ocean surface features. The SIR-A
sensor was configured for land observa-
tion. The resolution of 40 m precluded
imaging small- to medium-size ocean
swells, and the large incidence angle
resulted in a relatively low return from
the ocean surface. In a number of cases,
however, large ocean features were ob-
served, such as an internal wave train in
the Andaman Sea (Fig. 14). Numerous
large internal waves have been observed
in that region and confirmed by surface
observations (/7). The mechanisms
which allow the radar imaging of such
ocean features have been discussed by
Elachi and Apel (12) and Elachi (/3) in
the case of airborne radar sensors and
the Seasat SAR. The same mechanisms
are most likely at work in the case of
SIR-A.

Use with other sensors. Remote sen-
sors provide different information about
the surface as a function of the spectral
and polarization characteristics of the
sensor and the observation geometry.
Visible and near-infrared sensors pro-
vide information mostly about the com-
position of the surface material. Thermal
infrared sensors provide information
about the surface and bulk thermal prop-
erties of the near surface layer. Radar
sensors provide information mainly
about the surface physical properties. In
order to acquire a detailed description of
the' surface, information from more than
one sensor is required. Analysis of co-
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registered Landsat and Seasat images of
the San Rafael region in Utah indicated
that the addition of radar data enhances
the capability to separate lithologic units
14).

Even when the same type of sensor is
used, changes in the illumination geome-
try can be important. Particularly in the
case of the radar sensor, observation at a
near vertical incidence angle (around 20°
to 30°) enhances the surface slope, and
observation at an intermediate angle (40°
to 60°) enhances surface roughness (2,
4). This effect is clearly illustrated by
analyzing Seasat and SIR-A images of
the same areas. Both sensors are identi-
cal except for the changes in the inci-
dence angle (20° for Seasat and 50° for
SIR-A) and in the look direction. Figure
15 shows a registered Seasat—SIR-A im-
age of part of the Santa Ynez mountains
in southern California. The SIR-A data
were used to produce the color, and the
Seasat data were used to modulate the
intensity of the color where the images
overlap. The combination of surface
roughness and topographic information
shown in this image allows better dis-
crimination of the lithologic units pres-
ent. The topographic information provid-
ed by the Seasat data enhances the image
texture, which can be used to differenti-
ate rock types. For example, the linear
and fine-scale texture pattern at the up-
per right-hand edge of the Seasat image
(the rectangular insert) is related to non-
marine unconsolidated conglomerates.
In the center of the image is a coarse
mountainous texture related to marine
sandstones. The SIR-A image, on the
other hand, shows bedding patterns
along the coast that cannot be seen in the
Seasat image alone.

The SIR-A experiment extends the
capability achieved with the Seasat im-
aging radar in observing surface features
and complements the capability of visi-
ble and infrared imaging sensors. Be-
cause of its sensitivity to the surface
physical properties, the SIR-A sensor
provides information about surface
structure, cover, and roughness that can
be used in geologic or oceanographic
investigations. It also provides a basis
for the analysis of data that will be
acquired with planetary orbiting radars
planned for imaging the surfaces of Ve-
nus and Titan.

The SIR-A experiment, in conjunction
with the others on the second shuttle
flight, demonstrates the useful role of the
space shuttle as a platform for scientific
investigations. The SIR-A sensor was
returned from space in fully operational
status and is being modified and upgrad-
ed for reflight in 1984. This upgraded

sensor, SIR-B, will allow experimenta-
tion with variable illumination geome-
tries, stereo imaging, higher spatial reso-
lution, and digital data-handling capabili-
ty.
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