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Multifrequency and Multipolarization Radar Scatterometry of Sand Dunes 
and Comparison With Spaceborne and Airborne Radar Images 

RONALD BLOM AND CHARLES ELACHI 

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 

Understanding the unusual radar scattering characteristics of sand dunes is necessary in the analysis of 
radar images of aeolian landscapes of the earth and of other planets. In this paper we report on airborne 
radar scatterometer data of sand dunes, acquired at multiple frequencies and polarizations. Radar 
backscatter from sand dunes is very sensitive to the imaging geometry. At small incidence angles the 
radar return is mainly due to quasi-specular reflection from dune slopes favorably oriented toward the 
radar. A peak return usually occurs at the incidence angle equal to the angle of respose for the dunes. 
The peak angle is the same at all frequencies as computed from specular reflection theory. At larger 
angles the return is significantly weaker. The scatterometer measurements verified observations made 
with airborne and spaceborne radar images acquired over a number of dune fields in the United States, 
central Africa, and the Arabian peninsula. The imaging geometry constraints indicate that possible dunes 
on other planets, such as Venus, will probably not be detected in radar images unless the incidence angle 
is less than the angle of repose of such dunes and the radar look direction is approximately orthogonal 
to the dune trends. 

INTRODUCTION 

Sand seas and sand sheets cover a large percentage of the 
desert regions of the world [cf. McKee, 1979]. Dunes also 
cover a substantial area on Mars [Cutts and Smith, 1973; 
Breed et al., 1979] and may occur on Venus. Because of the 
increasing use of spaceborne imaging radars to observe and 
monitor the earth's surface and the necessary use of radar to 
map the Venusian surface, it is important to understand fully 
the radar signature of sand dunes. 

This study is a part of a larger effort undertaken to deter- 
mine the radar backscatter characteristics of various geologi- 
cally interesting surfaces as a function of frequency, incidence 
angle, and polarization. This information is useful for radar 
image interpretation, for understanding of physics of radar 
scattering, and for system definition of future imaging radars. 
Sand dunes are interesting because they represent a smooth or 
radar dark natrual surface, yet have topographic character- 
istics which yield unusual backscattering behavior. 

Data from scatterometers can be used to predict the ap- 
pearance of radar images derived from imaging systems with 
similar specifications. Since most radar images acquired to 
date are not radiometrically calibrated, conclusions drawn 
from comparison of images of the same surfaces made with 
different imaging radars are limited. This is especially true if 
the images were acquried on different dates. Scatterometers, of 
course, make no images. In the present application we are 
interested in studying the radar backscattering characteristics 
of sand dunes at the various incidence angles, wavelengths, 
and polarizations. The scatterometer system used here covers 
a wider range of wavelengths, polarizations, and incidence 
angles than any currently available imaging radars. The scat- 
terometer system also brackets the 12-cm wavelength to be 
used by the Venus Radar Mapper (Magellan). 

In this paper we report on the backscatering behavior of 
sand dunes at four frequencies and four polarization states. 
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Airborne scatterometer data were acquired over a number of 
dune fields in the southwestern United States. Data covering 
the Algodones and Kelso dunes in southern California were 
selected for study. The scattering mechanisms of sand dunes 
are discussed using models of scattering from flat plates and 
slightly rough surfaces. Finally, examples of radar images are 
presented and discussed in order to illustrate how our results 
apply to the interpretation of images from previous space- 
borne radar experiments which include Seasat, SIR-A (Shuttle 
Imaging Radar), and SIR-B and also to future missions such 
as the Venus Radar Mapper and SIR-C. 

SCATTEROMETER SYSTEM AND DATA 

A radar scatterometer is a device which transmits a radar 

pulse and measures the strength of the echo returned to the 
instrument from a target. By varing the angle between the 
target and the antenna of the scatterometer it is possible to 
determine the strength of the radar echo as a function of the 
geometry between the target and the radar. This measurement 
has particular application to imaging radars, as considerable 
effects are noted in radar images as a function of the angle 
between the radar beam or illumination and certain terrain 

types, such as sand dunes. This illumination angle is referred 
to as the "incidence angle" when measured between the pro- 
jection of the surface normal and the radar beam. This angle is 
complementary to the angle indicated by the term "depression 
angle," which is commonly used in reference to airborne 
radars. A scatterometer therefore provides information on the 
radar reflectivity of surfaces at different angles at whatever 
frequencies and polarizations the instrument can make 
measurements. 

The data reported on herein were acquired from the NASA 
four-frequency, four-polarization scatterometers mounted on a 
C-130 aircraft. The essential characteristics of the system are 
summarized in Table 1. Two polarization states are possible at 
a time. Hence flight lines must be repeated to acquire the 
complete horizontal and vertial polarization diversity. Owing 
to the difficulties of flying precisely the same line, caution is 
required when comparing vertically and horizontally polar- 
ized data of nonhomogeneous terrains. Spatial resolution is 
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TABLE 1. Scatterometer System Summary 

Frequency 

400 1.6 4.75 13.3 

MHz GHz GHz GHz 

Wavelength, cm 75 19 6.3 2.3 
Band P L C Ku 

Polarizations* 4 4 4 VV only 
Incidence angles, deg 5-50 5-50 5-50 5-50 
Antenna beam width]' 12 9 3 2.5 
Resolution, 98 m 73 m 24 m 20 m 

*HH, HV, VV, VH, one like and one crossed polarization at a time 
(HH, horizontal transmit and receive; HV, horizontal transmit, verti- 
cal receive). 

•-Across track beam width in degrees. 
,Across track at 460 m altitude, 5 ø incidence angle. Along-track 

resolution is doppler filtered to 73 m (400 MHz) and 36 m (others). 

largely a function of altitude, and a minimum safe altitude was 
flown for each site to insure minimum footprint size for the 
scatterometers. The resolution of the different channels is not 

identical in the across-track dimension. This is a problem in 
comparing dune scatterometer data from differing frequencies 
as the small-scale structure of the dunes responsible for the 
backscattering behavior can vary greatly over short distances. 
Resolution also varies as a function of incidence angle in the 
across-track dimension due to the radar beam fanning out 
with increasing distance to the target. Resolution in the along- 
track dimension is controlled by Doppler filtering. Thus even 
with the near simultaneity and coincidence of the scatterome- 
ter data, backscatter measurements from precisely the same 
locations in space and in time are not possible. Data presented 
here are, however, a substantial improvement over those 
which were previously available. 

A further consideration is the fact that the wavelengths for 
two of the scatterometers are close, but not identical, to the 
radar imaging systems to which they are here compared. The 
L band scatterometer has a wavelength of 19.0 cm, while the 
Shuttle Imaging Radars have wavelengths of 23.5 cm. The Ku 
band scatterometer has a wavelength of 2.25 cm as opposed to 
the X band images, which are from a 3.0-cm wavelength 
system. These small differences in wavelength do not affect the 
conclusions reached, as the scattering behavior of dunes will 
be seen to be insensitive to the wavelengths under consider- 
ation. 

A basic description of the scatterometer system is given by 
Reid [1975]. Description of the scatterometer data processing 
hardware is given by Classen et al. [1979], and a software 
description is given by Clark and Newton [1979] and Clark 
and Jean [1980]. 

SAND DUNES: SCATTEROMETRY AND RADAR IMAGES 

This section presents scatterometer data and radar image 
data from two dune fields which exemplify the range of effects 
observed. The dune fields are the Algodones and Kelso in the 
Mojave Desert of California. Dune field locations are shown 
in Figure 1. A variety of dune types and vegetation cover 
densities are sampled. 

A previous study of radar images of sand dunes was made 
by Biota and Elachi [1981]. Conclusions reached based on 
analysis of L and X band images (23.5- and 3.0-cm wave- 

length, respectively) were that unvegetated sand dunes be- 
haved as quasi-specular reflectors returning energy to the 
imaging system only when a dune face several wavelengths on 
a side was nearly perpendicular to the radar beam. Conse- 
quently, sand dunes are highly directional features as far as 
radar imaging is concerned. The interaction of radar imaging 
geometry and dune geometry results in a radar image of the 
dunes only being formed if the incidence angle (90 ø minus 
depression angle) is less than or equal to the steepest dune 
slopes (• 34ø). If there are no dune slopes near perpendicular 
to the radar beam either due to the incidence angle being too 
high or due to the dune trends being at oblique angles to the 
radar, the radar image will be dark and no mapping of the 
dunes will be possible. 

The effects of the relationship between the dune trends and 
the radar look direction can be considerable (to the point of 
making the dunes invisible in some cases) and are documented 
by Blom and Elachi [1981]. The effect of the dune trend being 
at an angle to the radar is primarily to reduce the back- 
scattered echo as the dunes become more parallel to the radar 
beam. Because it is difficult to study the effects of the angle 
between the dune trends and the radar beam with the scat- 
terometer data due to the field of view of the scatterometer 

increasing with incidence angle, here we consider only dunes 
with trends nearly perpendicular to the radar scatterometer 
look direction. 

Exceptions to the simple specular scattering model can 
occur if the dunes are vegetated, in which case the radar re- 
sponse is modulated by the interaction of the dune slopes and 
the vegetation cover or if the dunes have other radar reflective 
cover on them, such as melting snow. Also, the low dielectric 
constant of dry fine-grained material such as sand can result 

BARSTOW 1%35ø KELSO (• 
ß DUNES 
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SAN ALGODONES 
•DIEGO DUNES 

MEXICO 

Fig. 1. Location map showing the location of the Kelso and Algo- 
dones dunes (cross-hatched) studied with the scatterometer data. 
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in the sand being relatively transparent to the radar. Subsur- 
face imaging through fine-grained material to depths of sev- 
eral meters have been demonstrated in Seasat, SIR-A, and 
SIR-B images of arid areas [McCauley et al., 1982, 1986; Blorn 
et al., 1984; Elachi et al., 1984; Berlin et al., 1985, 1986]. The 
specular echo still occurs from dry dunes; it is simply weaker. 
This will be discussed further below. Hence dry dunes, such as 
in the Sahara or on Venus can be mapped if and only if the 
imaging geometry is favorable. 

The dielectric constant of potential aeolian material on 
Venus cannot be stated with certainty, but it is quite unlikely 
that it is significantly different from terrestrial aeolian materi- 
al. Campbell and Ulrichs [1969] present measurements of the 
dielectric constants of many geological materials, and the 
values measured are all remarkably similar. There are many 
papers which are concerned with the dielectric properties of 
fine-grained materials [e.g., DeLoor, 1983; Hoekstra and Dela- 
ney, 1974; Wang and Schmugge, 1980]. The principal factor 
which changes the dielectric constant of such materials is the 
water content, which is not a factor in the Venusian environ- 
ment. Biota [1984] gives an annotated bibliography which 
includes these references. 

Of importance is that fact that a specular echo occurs at the 
air/dune interface regardless of the moisture content of the 
dunes, and this presents the possibility that dry sand dunes 
could be mapped at low incidence angles, where the specular 
echo is reflected to the radar, and the subdune surface could 
be mapped at higher incidence angles, where the surface echo 
is not reflected back toward the radar (presuming the subsur- 
face presented a scattering contrast; see B!orn et al. [1984] for 
a review of the conditions which permit subsurface radar 
imaging). 

This incidence angle effect might also provide a mechanism 
for distinguishing between surface and subsurface features on 
radar images when variable incidence angle images of suitable 
areas become available. 

With the exception of extremely dry areas such as the 
Sahara, terrestrial sand dunes tend to be damp due to the fact 
that the size sorting of aeolian sand is such that capillary 
action does not occur [Sharp, 1966]. Hence for dunes in local- 
ities with occasional rainfall the dunes stay damp below the 
surface and have a slightly higher complex dielectric constant. 
The best aeolian planetary analogues from a radar standpoint 
are therefore in the very dry parts of the earth such as the 
Sahara. These considerations may prove important in the 
analysis of Venus Radar Mapper images. Any sand on Venus 
will, of course, be dry. 

Fig. 2. (opposite) (a) An air photo taken simultaneously with the 
scatterometer data plotted below it. The scatterometers sampled the 
horizontal swath across the center of the photo indicated by the 
parallel lines. Flight direction was from left to right, and the scattero- 
meters scanned aft. (b) and (c) The data plotted are from the boxed in 
area in the left center of Figure 2a. The shorter-wavelength scattero- 
meters sampled a narrower area within the box. The horizontally 
polarized transmit and receive scatterometer data (HH) from the large 
dune are shown Figure 2b. Note that the backscatter peaks at about 
25 ø , where the local incidence angle at the dune face is zero. The 
cross-polarized scatterometer data for the same location are shown in 
Figure 2c. In general, the dunes are weak depolarizers, and little 
cross-polarized signal is returned. 
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"Fig. 3. Vertically polarized scatterometer data from the recently 
formed dune crest in the center of the air photo (Figure 3a). As in 
Figure 2, the scatterometer data cover the swatch indicated by the 
horizontal lines across the center of Figure 3a. Flight direction was 
from left to right, and the scatterometers scanned aft. The data shown 
are from the boxed in area in Figure 3a. The like-polarized data are 
shown in Figure 3b, and the cross-polarized data are shown in Figure 
3c. Note the reflection peak at about 35 ø in the like-polarized data. 

Another factor which may influence radar backscatter from 
dunes is sand ripples. Measurements of sand ripples indicated 
that their periodicities and amplitudes were inadequate to 
cause either Bragg or Rayleigh scattering at wavelengths as 
short as 3 cm (X band) [Blorn and Elachi, 1981]. Granule 
ripples (megaripples) on the earth can be of sufficient ampli- 
tude and wavelength to cause backscattering (a megaripple is 
a very large ripple with a wavelength in excess of 10 m; see 
Greeley and Iverson [1985]). We have not studied any areas 
which have large ripples covering a sufficient number of radar 
resolution cells to be imaged. Greeley et al. [1980, 1984a] and 
White [1981] conclude that the atmospheric conditions on 
Venus would produce short, low-amplitude ripples and bed- 
forms. Consequently, it seems unlikely that Venusian megarip- 
ples will be detectable in Venus Radar Mapper images. Other 
aeolian bedforms which might occur on Venus include small 
parallel grooves and ridges [Greeley and Marshall, 1985] crea- 
ted by rolling (rather than saltation) of grains. Such bedforms 
would, like dunes, have highly directional radar scattering 
properties and might be strong reflectors if the imaging geom- 
etry were favorable and they were large enough. 

The essential characteristics of radar scattering from sand 
dunes can be best visualized by studying the backscatter from 
a single large unvegetated dune. The examples here are from 
the interior portions of the Kelso Dunes. Figure 2a is an air 
photo acquired simultaneously with the scatterometer data 
plotted in Figures 2b and 2c. This single dune is about 160 m 
high and has a slope of about 25 ø. 

The like-polarized (HH, horizontal polarized transmit and 
receive) scatterometer curves in Figures 2b all have very simi- 
lar shapes, with backscatter at about -15 dB at 5 ø incidence 
angle, decreasing at slightly larger angles, and then rapidly 
increasing to -5 to -10 dB at 25 ø incidence angle, which 
corresponds to normal incidence at the dune surface. This 
explains why the dune has greatest backscatter at this angle. 
Detail differences in the scatterometer curves are probably due 
to the differing fields of view of the various scatterometers, the 
antenna pattern effects, and the area of the dune faces relative 
to the radar observation wavelength. The cross-polarized (HV, 
horizontal transmit and vertical receive) scatterometer data in 
Figure 2c show a rapid decrease in backscatter with increasing 
angle. (75 cm HV data had a very low signal-to-noise ratio; 
hence they are of poor quality and not shown). 

Figure 3 is similar to Figure 2 and shows another, smaller 
dune for which we have vertically polarized data. The VV data 
in Figure 3b show the backscatter declining slowly from about 
0 dB to about --5 dB for the 19.0-, 6.3-, and 2.25-cm scattero- 

meters (L, C, and Ku bands, respectively). The 75-cm (P band) 
data show a rapid decline to about --20 dB. The three shorter 
wavelength scatterometers record a rise in backscatter at 30 ø, 
equaling the backscatter at 5 ø, followed by a very rapid de- 
crease to -25 or -30 dB at larger incidence angles. This 
dune is considerably smaller than the one in Figure 2 and 
apparently small enough that it is not a good reflector at 
75-cm wavelength. The 75-cm wavelength data do not have a 
strong backscatter peak at 30 ø. The VH data shown in Figure 
3c decrease rapidly in reflectivity, and the 19.0-cm cross- 
polarized backscatter is considerably stronger than the 6.3-cm 
cross-polarized backscatter (the 75-cm cross-polarized data 
were again of poor quality). 

Figures 4b and 4c show a set of backscatter curves for the 
dune seen in Figure 4a. This dune has had its profile modified 
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Fig. 4. Vertically polarized data from a dune whose profile has 
been recently modified by a change in the wind direction. The scat- 
terometer data plotted are from the area boxed in the center of Figure 
4a. Flight direction was again from left to right. Note that the peak 
radar reflection occurs at a lower angle than for the dunes in Figures 
2 and 3. 

by a seasonal change in the wind direction. The effect of the 
modification on the dune can be seen in the VV backscatter 

data shown in Figure 4b as a smoother angular response, with 
the backscatter peak occurring at about 20 ø. Data from the 
three shorter-wavelength scatterometers have a similar re- 
sponse, with the shortest-wavelength data having the strongest 
backscatter. The longest-wavelength data show a much lower 
backscatter, perhaps due to the dune area observed by the 
scatterometer being too small to make a satisfactory reflector. 
Alternately, the lower backscatter could be due to the effects 
of penetration and a moisture gradient within the dune sensed 
by the 75-cm system. The cross-polarized data (VH in Figure 
4c) indicate a rapid decline in backscatter, with the 19.0-cm 
wavelength recording the strongest backscatter. 

The scatterometer data presented indicate that the back- 
scatter from a sand dune is due to quasi-specular reflection 
from the flat (from a radar wavelength point of view) dune 
faces. Consequently, the angular behavior of the backscatter is 
a very strong function of the dune slopes. 

In order to explain the general behavior of the backscatter 
from a dune field, we can consider the backscatter behavior of 

a flat surface of dimensional L and slope V (refer to Figure 5). 
We consider only the case of a one-dimensional surface. The 
results can be generalized to the case of two dimensions, how- 
ever [Kerr, 1951; Fung and Ulaby, 1983]. 

The incident wave will generate a reflected field at the sur- 
face of the interface equal to 

Es = EiR(O, - 7) exp {i[kx sin 

where R is the Fresnel reflection coefficient, E i is the incident 
field at the surface, 0i is the look angle and k = 2n/A (A is 
radar wavelength). This surface field distribution leads to a 
normalized backscatter cross section given by [Fung and 
Ulaby, 1983] 

A R2[sin [kL sin (0,- y)]12 a(O,, y): 4r• L' ] IJ cOS 2 (Oi I 
where A is the area of the flat plate. This formula is valid for 
(0• - y) in the range of 00-50 ø which is the applicable range for 
the data in this paper. At larger angles, polarization effects 
may become significant [Ross, 1966]. The expression can be 

I 

FRESNEL 

I REFLECTION DIRECTION 

Fig. 5. Geometric arrangement showing the scattering of a wave 
with look angle from a flat surface of size L and slope 7' • is the angle 
of the received wave relative to the Fresnel reflection direction. In the 

case of backscatter, ½ = 2(0 i -- 7) 
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Fig. 6. Scattering contrasts between dune and intradunc areas at the Algodoncs Dunes arc plotted for each frequency 
as a function of angle. In each case, the intradunc flat is a stronger scatterer at higher incidence angles, while the dunes arc 
stronger scatterers at lower incidence angles. This behavior is not a function of frequency over the range studied. 
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Fig. 7. Radar images of the Algodones Dunes. Orientations and 
coverage of the upper and lower image pairs are slightly different. The 
orbital images only cover the southern part of the dunes. The north 
arrows and the canals indicated are for orientation purposes. The top 
images are orbital L band (23.5-cm wavelength) and the bottom 
images are airborne X band (3-cm wavelength). The left images were 
made with incidence angles of greater than 40 ø , while the right images 
were made with smaller incidence angles. Comparison of these images 
shows that the dunes backscatter only at smaller incidence angles, 
while the intradune areas become brighter than the dunes at larger 
incidence angles. This behavior is as indicated by the scatterometer 
data in Figure 6. Seasat data were acquired in late summer 1978, 
SIR-A data in November 1981, and X band data in August 1981. 

generalized for a two-dimensional plate [Kerr, 1951; Fung and 
Ulaby, 1983]. 

The above expression for • has a sin x/x pattern, with a 
central lobe of angular width •p equal to (for/t >> L) 

•, = 4r•/kL = 2,t/L 

If the flat surface is such that the incident wave is orthog- 
onal to it (i.e., 0 i = 7), the backscatter return is maximum. 
However, even if 0i 4:7 but still such that 

I0,- 71 < •,/2 

a strong backscatter will occur. 
In actuality, the surface has a statistical distribution of flat 

surfaces of different sizes L and different slopes 7- In the case 
of sand dunes the maximum slope (the angle of repose) is 
about 34 ø. Thus it is expected that a peak will occur at an 
angle less than 34 ø and the peak width will depend on the 
ratio 2/L and the distribution of L and 7- Hence it is expected 
to be a relatively broad peak. As the wavelength gets longer, 
the peak will be less pronounced. This is observed in most of 
the acquired data where the 75-cm wavelength peak is the 
least pronounced. 

As we increase the frequency, the ratio 2/L becomes smaller, 
leading to the conclusion that the peak will be sharper and 
more pronounced. However, as the wavelength gets shorter, 
the surface roughness would tend to have a larger effect, lead- 
ing to a broadening of the beam again. This might explain 
why, in some situations, the 2.25-cm peak is not as pro- 
nounced as the 6.3- or 19.0-cm peaks. 

Previous analysis of radar images [Biota and Elachi, 1981; 
Biota et al., 1982a, b] and the data discussed below indicate 
that this very simple scattering mechanism is applicable to all 
dunes observed. In order to capture enough signal to make an 
image of an unvegetated dune field, the incidence angle must 
be low enough that some of the quasi-specular echo is reflect- 
ed to the sensor. However, there are two other common situ- 

ations which can allow mapping of dune fields using radar 
images. The first case is vegetated dune fields, where it is the 
vegetation which provides most of the backscattered energy 
The second case is dunes which reside on a substrate suf- 

ficiently rough to provide backscatter adequate to outline the 
dunes with a bright image tone. These two situations are dis- 
cussed below. 

Algodones Dunes 

The Algodones Dunes are located in southeastern Califor- 
nia and make up one of the largest active dune fields in the 
United States (Figure 1). These dunes have been studied both 
from the origin and development standpoint and also a plane- 
tary geology perspective [Smith, 1970; Cutts and Smith, 1973; 
Breed, 1977; Sharp, 1979]. 

The radar data base for the Algodones Dunes has expanded 
since our earlier publication [Biota and Elachi, 1981]. It now 
includes, in addition to the scatterometer data, 3.0-cm wave- 
length HH and HV airborne radar images from two ranges of 
incidence angles and also Shuttle Imaging Radar (SIR-A) 
images. The latter data are comparable in wavelength (23.5 
cm) to Seasat but have a larger incidence angle (47 ø versus 
23ø). These additional data allow comparison of the scattero- 
meter data to radar images to show the potential effects of 
varying the frequency, look angle, and polarization of radar 
imaging systems. 

A feature of the Algodones Dunes which makes them useful 
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Fig. 8. (a) Landsat band 5 image of a large expanse of sand dunes near Lake Chad in Africa (acquisition date 
February 15, 1975). The darker areas in the Landsat image are vegetated intradun½ flats (vegetation is dark in MSS band 
5). (b) SIR-A image of the same area in which the vegetated intradune areas are bright and outline the dunes, but the dunes 
themselves are dark. Distinction between dune and intradune areas is not possible for the unvegetated areas, where both 
dune and intradune have very low backscatter and are consequently very dark. SIR-A image acquired November 1981. 

for defining radar systems is the presence of intradune flats. 
The southern portion of the dune field consists of large bar- 
chanoid dunes which are separated by relatively sand-free 
desert floor, the substrate upon which the dunes move. These 
intradune flats were studied by Sharp [1979]. Although the 
desert floor is quite smooth, it is rougher than the dune sur- 
face and presents a radar scattering contrast. Intradune flats 
also exist in the Hellespontus dune field on Mars [Cutts and 
Smith, 1973] and might exist on Venus. 

The radar scattering contrasts between the dunes and the 
intradune flats as a function of frequency and angle can be 
seen in Figure 6. Note that the dunes have considerably higher 
backscatter than the intradune flats at incidence angles up to 
about 350-40 ø, beyond which the dunes have a lower back- 
scatter than the flats. Also note that the cross-polarized signals 
are very weak. The differing structure of the dune backscatter 
data for the different frequencies is attributed to the different 

fields of view of the scatterometers. The significance and po- 
tential practical application of these data become apparent 
when compared to radar images. 

Figure 7 shows radar images of the dunes and intradune 
flats at two wavelengths and two incidence angles. The upper 
image pair are 23.5-cm wavelength image from Seasat and 
SIR-A, both spaceborne systems which differed mainly in inci- 
dence angle. The lower image pair are from a 3.0-cm wave- 
length airborne system flown such that the right image has a 
range of incidence angles from 14 ø to 50 ø and the left image 
from 45 ø to 63 ø. The 3.0-cm wavelength images were collected 
within a few minutes of each other. The image characteristics 
that could be predicted on the basis of the scatterometer data 
are observed in the images. The dunes are bright at small 
incidence angles (Seasat and right 3.0-cm wavelength image) 
due to quasi-specular reflections from favorably oriented dune 
slopes (especially apparent in the higher-resolution aircraft 
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image). No dune forms are recognizable in the higher inci- 
dence angle images, although the outline of the dunes can be 
inferred by the tonal boundary between the dunes and the 
intradune flats. The look directions for each of the images are 
indicated on the figure. Although the look directions are not 
the same for all of the images, the critical point here is that the 
dunes themselves become invisible when imaged at higher in- 
cidence angles. At the higher incidence angles the dunes could 
not be mapped regardless of their orientation relative to the 
look direction. See Blorn and Elachi [1981] for a more detailed 
discussion of look direction effects. 

Cross-polarized images (HV) are available from the 3.0-cm 
wavelength aircraft system but are not shown as both the 
dunes and intradune flats are displayed as very dark area, as 
can be inferred from the cross-polarized scatterometer data in 
Figure 6. 

In other dune fields with intradune flats the intradune areas 

are occasionally radar smooth lacustrine deposits which 
would not show a radar image tone contrast between dune 
and intradune areas at high incidence angles. In such cases, 
the entire area would be dark on the radar image. As an 

example of this situation, Figure 8a is a Landsat band 5 (vis- 
ible red) image of a large area of dunes north of Lake Chad. 
These dunes rest upon a substrate of lacustrine deposits left 
from an earlier, much larger lake called Lake Mega-Chad. In 
the Landsat image the dunes are bright due to the high reflec- 
tivity of the sand. The dark areas are vegetation, growing in 
the intradune flats (vegetation is dark in the visible red, which 
corresponds to the Landsat band 5 image). Figure 8b is a 
SIR-A image of the same area. Note that the bright areas on 
the SIR-A image correspond to the dark, vegetated areas on 
the Landsat image. Intradune areas that are vegetation-free on 
the Landsat image (brighter areas in between the dune forms) 
are dark on the SIR-A image due to lack of scattering con- 
strast between the dunes, which do not backscatter at the 
SIR-A incidence angle, and the smooth lacustrine deposits 
upon which the dunes reside. 

Kelso Dunes 

The Kelso Dunes are located in the eastern Mojave Desert 
of California approximately 110 km east of Barstow (Figure 
1). Seasat and aircraft images of the Kelso Dunes were ana- 
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Fig. 10. Radar scatterometer data for each of the four tonal a,½as identified in the X band image of Kelso Dunes. The 
Ku band scatterometer data (bottom right) are most comparable in wavelength to the X band image (2.25-cm versus 
3.0-cm wavelength). The "sand ridge" and "parallel dune" data are from the active portions of the dunes shown in Figure 
9d. The data for the "lesser parallel dunes" and the "irregular dunes" are from the stabilized part of the dunes indicated in 
Figure 9d. The 50 ø incidence angle data are nearest the 65 ø incidence angle of the X band image. See text for discussion. 

lyzed by Blom and Elachi [1981], and aircraft images were 
analyzed by Sugiura and Sabins [1980]. These dunes have 
been extensively studied and described by Sharp [1962, 1963, 
1966]. Like many dune fields, the Kelso Dunes have a spa- 
tially variable vegetation cover. This vegetation cover de- 
creases to zero in the interior of the dune field but is sufficient 

to stabilize its outer margins. What makes the Kelso Dunes 
instructive from a radar geology point of view is the sensitivty 
of radar to the sparse vegetation cover. 

Figure 9 shows Seasat 23.5-cm and airborne 3.0-cm radar 
images of the Kelso Dunes. As previously discussed, the small 
incidence angle used by the Seasat radar results in specular 
reflections from the dune faces, which form the image. The 
3.0-cm wavelength image was acquired with an incidence 
angle of about 65 ø , from which there should be no reflection 
from the dunes. Comparison of the 23.5- and 3.0-cm wave- 

length images shows some interesting contrasts, particularly 
with respect to the image tone distribution. 

The tonal boundaries seen in the 3.0-cm wavelength image 
were first noted by Sugiura and Sabins [1980]. Blorn and 
Elachi [1981] ascribed these tonal boundaries to systematic 
variations in the vegetation density, after noting the very close 
correspondence of one of the X band image tone boundaries 
to the separation between stabilized and unstabilized dunes 
made in Sharp's [-1966] study. Sharp's map is sketched here in 
Figure 9b. In our earlier study we divided the tonal variations 
in the image into four regions which correspond to the outer, 
stabilized, irregular and lesser parallel dunes, and the active, 
unstabilized, parallel dunes and sand ridges in the interior of 
the dunes. Air photos taken with the scatterometer data were 
used to determine the amount of vegetation in each of the 
3.0-cm wavelength image tonal areas. 
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Fig. 11. (a) A Landsat band 7 image of the Wahiba Sands in Oman. (b) A SIR-A radar image. These dunes have a 
variable vegetation cover which is not easily discerned in this Landsat image (vegetation is bright in MSS band 7, 
acquisition date November 26, 1972). In the SIR-A image the dark image tones correspond to the vegetation-free regions, 
while the brighter areas have a variable vegetation cover. The dunes are easy to discern in the vegetated regions, as the 
backscatter is from the vegetation and modulated by the dune slopes. SIR-A image acqui•-ed November 1981. 

The irregular dunes and the lesser parallel dunes have 
20-30% vegetation cover which stabilizes them. The parallel 
dunes have about 11% vegetation cover, and the sand ridges 
have zero vegetation cover. The vegetation consists primarily 
of short creosote bushes and grass. In order to evaluate the 
effects of dune vegetation on radar backscatter as a function of 
radar frequency and look angle, scatterometer data for the 
vegetation density areas previously defined on the 3.0-cm 
radar image at Kelso Dunes were studied. 

Figure 10 shows like-polarized scatterometer data for the 
tonal regions seen on the 3.0-cm wavelength image in Figure 9 
from each of the four frequencies available. The longest- 
wavelength data are plotted in the top left panel and the 
shortest-wavelength data are plotted at the lower right panel 
of Figure 10. The 2.25-cm wavelength data shown in the lower 
right panel corresponds most closely to the 3.0-cm wavelength 
image in Figure 9. Because the vegetation cover is sparse and 
irregular and because the fields of view of the scatterometers 

change with wavelength and incidence angles, only general 
comparisons are possible. However, we can make the follow- 
ing observations. 

The backscatter from the unvegetated, active sand ridge has 
the expected peak return around 25 ø or 30 ø incidence angle 
and a rapid decrease in backscatter at larger incidence angles 
at all wavelengths. The highest backscatter in the 25ø-30 ø inci- 
dence angle range is always from the dunes with the least 
vegetation (sand ridge and parallel dunes), indicating the 
dominance of the quasi-specular scattering in this incidence 
angle region. 

At the largest incidence angle the highest backscatter is 
always from the irregular dunes (which have the most veg- 
etation) for each wavelength (except at 75 cm, where there is a 
tie for highest backscatter). The range of backscatter at the 
highest incidence angle shows that the 19.0-cm data have the 
largest spread, with the irregular dunes (most vegetation) 
having the highest backscatter and the sand ridge (no veg- 
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etation) having the lowest backscatter. The 6.3- and 2.25-cm 
wavelength data have a smaller backscatter range at the larg- 
est incidence angle for the four dune areas studied here. 

From these measurements we make the following observa- 
tions. At incidence angles below about 35 ø the primary factor 
modulating the radar backscatter is the dune slopes. The veg- 
etation certainly contributes to this backscatter, as the highest 
backscatter in the incidence angle range below about 15 ø is 
usually from the dunes with the most vegetation cover. But 
the shapes of the curves are largely a function of the dune 
slopes. Beyond about 35 ø incidence angle, the backscatter is 
mostly from the vegetation cover, as the dunes with the most 
vegetation have the strongest backscatter. Returning to the 
original observation made about the 3.0-cm wavelength radar 
image in Figure 9, it looks like extrapolation of the 2.25-cm 
wavelength scatterometer data beyond the 50 ø maximum in 
the scatterometer data plot would likely result in a similar 
backscatter variation distribution to that seen in the 3.0-cm 

wavelength image. 
Considering these observations, it is clear that radar images 

of vegetated dunes will be quite sensitive to the vegetation 
cover, especially at larger incidence angles. Because the dune 
slopes modulate the backscatter even from the vegetation by 
changing the effective incidence angle, it is obvious that it 
would not be apparent from examination of a radar image 
that in fact, the backscatter may be coming from a vegetation 
cover and not the dunes themselves. The following example 
illustrates this point. 

Figure 1 la is a Landsat band 7 image of the Wahiba Sands 
in Oman. The trends of dunes in the Wahiba Sands dune field 

do not reflect present-day winds and probably developed in 
the Pleistocene. The large seif dunes of the Wahiba Sands are 
"more or less stabilized and have a covering of dikaka" 
[Glennie, 1970, p. 115] (dikaka is an Arabic word designating 
scrub-covered dunes). The vegetation is less distinct on the 
Landsat image than on the SIR image, perhaps because of its 
state of growth at the time of the Landsat image acquisition 
(November 1972). Vegetation is bright in band 7 of Landsat 
MSS. Figure l lb is a SIR-A image of the same area. The 
incidence angle of the SIR-A system is greater than the angle 
of respose for dune sand, yet the dunes are recognizable, par- 
ticularly in the upper part of the image. The bright areas on 
the SIR-A image are similar in nature to those observed on 
the X band image of the Kelso Dunes. Note that regional 
tonal variations on the SIR-A image are unrelated to the dis- 
tribution of the dunes; that is, the same dune morphologies 
have different brightness levels in different parts of the image. 
Just as in the case of the Kelso Dunes, it is difficult or impossi- 
ble to map the dune morphology in the darkest (unvegetated) 
areas on the radar image. It is the vegetation cover which here 
allows the perception of the dune forms. Conversely, Greeley 
et al. [1984b] found little evidence of backscatter from desert 
shrubs and bushes in analysis of SIR-A images of the Pinacate 
region of Sonora, Mexico. Because the radar backscatter from 
vegetation is a very strong function of the moisture content 
(which can vary greatly in deserts), it is not possible to predict 
a priori the potential contribution desert vegetation may have 
to the radar backscatter. Considering the observations made 
here in Figures 10 and 11 and by Greeley et al. 1-1984b] much 
caution is indicated in interpretation of radar images of dunes 
which may be vegetated. 

CONCLUSIONS AND DISCUSSION 

Analysis of radar scatterometer data of sand dunes has es- 
tablished that unvegetated dune surfaces are quasi-specular 
reflectors at radar wavelengths. This scattering behavior per- 
mits a significant signal to be returned to the radar only under 
certain imaging geometry conditions. The critical geometric 
constraint documented here is that the incidence angle of the 
radar beam must be less than or equal to the angle of respose 
of the dune. If this condition is not met the radar energy is not 
returned to the antenna, and a dark image results. A second 
critical geometric constraint was reported by Blom and Elachi 
[1981]. It was found that the dune trends cannot be parallel 
to the radar look direction or a dark image results as no radar 
energy is returned. The strongest radar returns will occur 
when the dune trend is perpendicular to the radar beam. This 
effect is difficult to study quanitatively as the angular diver- 
gence which still permits a return sufficient to create an image 
varies with the dune type and the individual dune under con- 
sideration. Blom and Elachi [1981] found that certain dunes 
would return a substantial echo even when the angle between 
the radar beam and the dune trend was up to 60 ø from per- 
pendicular. The divergence angle which would still allow 
imaging would be much less for a very smooth linear (seif) 
dune however. 

From a radar backscattering point of view, a dune is per- 
haps best thought of as a collection of smooth, flat surfaces 
which can haw', any inclination to the local normal up to 
about 34 ø (with the orientation being a function of the local 
wind regime). In this way, the fact that the backscatter curves 
for sand dunes have a broad peak which occurs at some angle 
less than 34% but not necessarily zero, is easily understood. 

Radar images can be used to map sand dunes provided that 
the incidence angles are less than the angle of repose (~ 34 ø 
for terrestrial dunes). At larger incidence angles, sand dunes 
are very weak scatterers. In this case, mapping of dunes using 
radar images depends upon their being either outlined by a 
substrate with a scattering contrast or covered by vegetation 
or perhaps some other material which scatters sufficiently at 
larger angles to create an image. Consideration of all the pos- 
sible sources for backscatter seen in radar images of sand 
dunes is important to prevent misinterpretations. The impli- 
cations of the scatterometer data have been amplified by radar 
images which show these effects. 

These results indicate that mapping of dunes on Venus (if 
dunes are present) with the Venus Radar Mapper system may 
be impossible at certain latitudes because of incidence angle 
variation with latitude (higher latitudes will be imaged at 
lower angles). Current plans indicate about 70% of the planet 
will be imaged at incidence angles greater than 30 ø [-Raney, 
1986]. Furthermore, the look directions are constrained by the 
polar orbit, and any dunes which trend east-west (parallel to 
the look direction) may be difficult to detect even if the inci- 
dence angle is low enough. Also, because Venusian dunes are 
likely to be somewhat radar transparent, they may appear 
entirely dark, or the substrate beneath them may be detected 
instead of the dunes (provided the dune cover is thin enough 
and the substrate is rough enough). It is clear from the obser- 
vations made herein that substantial errors are likely in inter- 
pretation of radar images of possible aeolian landscapes on 
the earth, Venus, or elsewhere unless the scattering behavior 
of such terranes is appreciated. 
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