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ASCAT and QuikSCAT Azimuth Modulation
of Backscatter Over East Antarctica

Richard D. Lindsley, Member, IEEE, and David G. Long, Fellow, IEEE

Abstract—For most land and ice surfaces, the measured radar
backscatter at the spatial resolution of a wind scatterometer
is insensitive to the azimuth angle. However, for regions of
East Antarctica, the backscatter strongly depends on the azimuth
angle. This relationship between backscatter and azimuth angle is
often modeled with a Fourier series. Although previous work has
separately examined the data from QuikSCAT, a Ku-band scat-
terometer, and the Advanced Scatterometer (ASCAT), a C-band
scatterometer, this letter compares the two on the same high-
resolution grid. We find that, although QuikSCAT has supe-
rior azimuth angle coverage (due to its measurement geometry)
compared to ASCAT, both are suitable to estimate the radar
backscatter azimuth angle modulation of East Antarctica. The
ASCAT data exhibit a much larger azimuth modulation than the
QuikSCAT data. This is attributed to the different wavelengths
of the microwave signal: At C-band (5.7 cm), East Antarctica has
features that show radar backscatter to be more dependent on
azimuth angle than at Ku-band (2.2 cm). This letter also examines
the ASCAT and QuikSCAT azimuth modulation over previously
identified regions of wind glaze. Although azimuth modulation is
expected to be minimal over wind glaze, we find the wind-glaze
regions to contain more structure than previously suggested.

Index Terms—Advanced Scatterometer (ASCAT), antarctica,
ice, QuikSCAT, scatterometer, spaceborne radar.

I. INTRODUCTION

A SCATTEROMETER measures the Earth surface radar
backscatter, or σ◦, over a distributed area. Each measure-

ment has an associated incidence angle θ and an azimuth angle
φ. For most land and ice surfaces, σ◦ depends only on the
incidence angle, not on the azimuth angle. However, in regions
of East Antarctica associated with megadunes and sastrugi, the
physical structures induce a strong azimuth dependence [1].
Conversely, wind-glaze regions in Antarctica are expected to
have little azimuth modulation [2]. This azimuth modulation
has been previously modeled as a second- or fourth-order
Fourier series [3]–[5].

Previous work has explored the azimuth modulation of
scatterometer data. Data from the Advanced Scatterometer
(ASCAT) are used in [6], where a variety of models are evalu-
ated to fit the incidence and azimuth angle dependence of the σ◦

data. Physical interpretations for the observed azimuth variation
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are explored in [1] and [7] using data from the QuikSCAT and
European Remote Sensing (ERS) scatterometers. Modeling the
azimuth modulation as a Fourier series, the first-order term
typically correlates with the local slope of the surface, whereas
the second-order term correlates with sastrugi carved into the
ground due to persistent katabatic winds.

Although previous work has described the azimuth mod-
ulation of ASCAT data over Antarctica [6], the spatial
resolution was limited. Spatially averaged backscatter data
(ASCA_SZR_1B product) are used, and the azimuth modula-
tion parameters are retrieved on a polar stereographic projection
with a grid spacing of 12.5 km. This letter instead uses the
full-resolution data (ASCA_SZF_1B product). A limited form
of resolution enhancement is computed through the use of the
AVE (weighted AVErage) algorithm on a 3.125-km grid [8].
QuikSCAT data are likewise processed on the same grid in
order to compare the azimuth modulation results.

In this letter, we describe the azimuth modulation of
ASCAT and QuikSCAT data using a fourth-order Fourier series
fit. Enhanced-resolution image reconstruction using the AVE
algorithm is applied to estimate the incidence and azimuth
dependence of σ◦ for each pixel. The backscatter model used in
this letter and the procedure to estimate the azimuth modulation
model parameters are described in Section II. Results are shown
in Section III. Section IV concludes this letter.

II. METHOD

ASCAT (2007–present) is a fan-beam C-band (5.255 GHz)
scatterometer. Its measurement geometry samples σ◦ at a wide
range of incidence angles (≈ 30◦ to 60◦) but only at limited
azimuth angles. QuikSCAT (1999–2009) is a scanning pencil
beam scatterometer at Ku-band (13.4 GHz). Because of its
different measurement geometry, QuikSCAT observes σ◦ at
only two incidence angles (47◦ and 54◦) but has complete
azimuth angle coverage.

While ASCAT only measures σ◦ at vertical polarization
(VV), QuikSCAT measures both vertically and horizontally
polarized (VV and HH) σ◦. For comparison purposes in this
letter, only the VV QuikSCAT data are used. QuikSCAT reports
two types of measurements: “egg” data, where the measure-
ment footprint is essentially the antenna response, and “slice”
data, which subdivides the antenna pattern using range-Doppler
processing [9]. Slice data have a finer spatial resolution but are
noisier than egg data.

Over land and sea ice, the dependence of σ◦ on θ is often
described as a linear fit with σ◦ in log space, such as dB

σ◦(θ) = A+ B(θ − 40◦). (1)
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In this model, σ◦ is decomposed into A, which is the backscat-
ter normalized to a 40◦ incidence angle, and B, which describes
the slope of the θ dependence [8], [10]. Since QuikSCAT does
not sample over a wide range of incidence angles, QuikSCAT
B is treated as zero, and A is simply the mean σ◦ for the pixel.

A previous azimuth modulation study [1] uses a second-order
Fourier series to fit the azimuth angle modulation in the residual
backscatter after the estimation of A and B. Although several
azimuth modulation models were considered, in this letter, we
use a fourth-order Fourier series with the third-order terms
assumed to be zero. The azimuth and incidence angle models
together are

σ◦(θ, φ) = σ◦(θ) + σ◦(φ) (2)

= A+ B(θ − 40◦)

+
∑

k={0,1,2,4}
Bk cos(kφ) + Ck sin(kφ). (3)

To aid in interpreting the results, the sine and cosine coefficients
are converted from rectangular to polar coordinates

mk =
√
B2

k + C2
k (4)

ϕk = tan−1

(
Ck

Bk

)
. (5)

Thus, mk and ϕk are the kth order azimuth modulation mag-
nitude and phase, respectively. (The term B0 is an azimuth-
modulation bias and is expected to be small; C0 is defined to
be zero.)

A scatterometer measures the Earth surface radar backscatter,
or σ◦, over a distributed area

zi =

∫∫
σ◦(x, y)hi(x, y) dxdy + ηi (6)

where zi is the measurement i, σ◦(x, y) is the Earth surface
backscatter, hi(x, y) is the normalized spatial response function
(SRF) for each measurement, and ηi is a per-measurement
noise term. Image reconstruction uses the σ◦ measurements
in conjunction with their associated SRFs to reconstruct
the true σ◦ on a high-resolution grid. In this letter, we apply
the AVE method, a partial reconstruction approach that uses the
weighted average of the SRFs [8].

Using AVE, A and B for each pixel j are computed with a
simple linear regression. After the estimation of A[j] and B[j],
the azimuth modulation parameters mk and ϕk are computed
using a linear least squares approach, where each measurement
is weighted by the SRF value at the pixel.

III. RESULTS AND DISCUSSION

ASCAT and QuikSCAT data are collected over the Antarctic
region for the same date range: days 211–240, 2009 (2009-
07-30 to 2009-08-28). This 30-day range is during the Austral
winter when no significant melt or refreeze is expected. AVE
on a 3.125-km grid spacing is used to estimate the azimuth
modulation coefficients.

Fig. 1. Residual backscatter values and fourth-order Fourier series fit to the
data from a 9.8-km2 area at −67.99◦ N 126.48◦ E. (Top to bottom) ASCAT,
QuikSCAT eggs, and QuikSCAT slices.

TABLE I
ESTIMATED AZIMUTH MODULATION MAGNITUDE AND PHASE

COEFFICIENTS FOR THE DATA SHOWN IN FIG. 1. THE mk TERMS

ARE IN DECIBELS, AND THE ϕk TERMS ARE IN DEGREES.
THE DATA ARE FROM A 9.8-km2 AREA AT

−67.99◦ N 126.48◦ E.

A. Pixel results

A single high-resolution pixel is first selected, located at
−67.99◦ N 126.48◦ E. The residual backscatter (i.e., after re-
moving the estimated A and B values) at this pixel as a function
of azimuth angle is shown in Fig. 1 for ASCAT, QuikSCAT
eggs, and QuikSCAT slices. The fourth-order Fourier series
fit is also displayed, and the estimated coefficient values are
listed in Table I. In Fig. 1, the difference in sampling geometry
between ASCAT and QuikSCAT is apparent: For ASCAT, only
a few groups of azimuth angles are sampled, but the QuikSCAT
azimuth angle coverage is much more dense, with no large gaps
present. The QuikSCAT slice values are also much noisier than
the QuikSCAT egg values: The residual backscatter values have
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more vertical spread. Notwithstanding the noise, the Fourier
series fits for the two QuikSCAT cases are similar in this case.
(However, this is not true for all pixels in the region.)

Comparing the ASCAT and QuikSCAT values, in all three
cases, two large peaks are present at azimuth angles of about
−135◦ and 45◦; however, ASCAT does not have any σ◦ mea-
surements directly at the center of the 45◦ peak, only on either
side. Conversely, the valley between −90◦ and 0◦ is much lower
for ASCAT, at about −5 dB, than for QuikSCAT, at about
−1 dB. Also, between about 120◦ and −160◦, the QuikSCAT
data have a “valley” at about −3 dB, but for ASCAT, it starts
to slope upward at 135◦. While the two peaks are similar
in position and magnitude, the behavior between the peaks
is different for QuikSCAT and ASCAT, leading to different
estimated values, most significantly larger estimated magnitude
terms mk.

B. Region Results

The azimuth modulation parameters are estimated for the en-
tire Antarctic region, masking out ocean and sea ice. Fig. 2 dis-
plays m1, m2, and m4, the modulation magnitudes, and Fig. 3.
displays ϕ1, ϕ2, and ϕ4, the modulation phases. Only ASCAT
and the QuikSCAT egg data are shown because the QuikSCAT
slice data (not shown) are too noisy.

For all images shown in Figs. 2 and 3, the estimated values
are less accurate closer to the South Pole at the center of
the images. This is due to the polar orbits of QuikSCAT and
ASCAT and their measurement geometry. South of about 78◦ S,
the Earth is only measured by one of the two ASCAT swaths,
and south of about 89◦ S, neither swath observes the Earth
surface. Between these two latitudes, ASCAT samples σ◦ at
fewer azimuth angles, so the estimated coefficients are less reli-
able since they suffer from overfitting. A circular discontinuity
is visible at 78◦ S. QuikSCAT does not have such a sharp dis-
continuity, but it still samples fewer azimuth angles at extreme
latitudes, leading to poor estimates of the azimuth modulation
parameters.

As illustrated for one pixel in Fig. 1, the second-order mag-
nitude is generally much larger than the first-order and fourth-
order magnitudes. This is visible in Fig. 2, noting that different
color scales are used for m2 than for m1 and m4. Also observed
in Fig. 1 and tabulated in Table I for a single pixel, the m1, m2,
and m4 values are smaller for QuikSCAT than for ASCAT. This
holds true in Fig. 2 for the entire region, where the modulation
magnitudes are larger from ASCAT than from QuikSCAT. In
Fig. 3, the estimated phases ϕ2 and ϕ4 are very similar between
QuikSCAT and ASCAT. However, the QuikSCAT-derived ϕ1

images are often roughly 180◦ different from ASCAT. The
larger modulation magnitude at C-band versus Ku-band was
previously noted in [5] for Greenland, although a comparison
was not conducted for Antarctica.

The standard deviation of the residual backscatter before and
after azimuth modulation is additionally computed (not shown)
to evaluate the impact of modeling azimuth modulation. Over
East Antarctica, the mean of the standard deviation decreases
from 1.9 to 1.0 dB for ASCAT and from 1.0 to 0.8 dB for
QuikSCAT. Including the azimuth modulation effects improves

Fig. 2. (Top row) m1, (middle row) m2, and (bottom row) m4 azimuth
modulation coefficients over Antarctica using 30 days of data. (Left column)
QuikSCAT eggs. (Right column) ASCAT. Note that, for clarity, the color scales
differ among the images

the model of the scatterometer data, but the effect is more
dramatic for ASCAT than for QuikSCAT.

The azimuth modulation parameters estimated from ASCAT
and QuikSCAT data share many common features. Areas of
higher or lower magnitude, for example, are present in both
cases. The consistency of the behavior of magnitudes and
phases between ASCAT and QuikSCAT is evidence that the
observed azimuth angle modulation is not a scatterometer cali-
bration error or a sampling artifact, but it is due to geophysical
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Fig. 3. (Top row) ϕ1, (middle row) ϕ2, and (bottom row) ϕ4 azimuth
modulation coefficients over Antarctica using 30 days of data. (Left column)
QuikSCAT eggs. (Right column) ASCAT.

structures. However, differences exist between the terms esti-
mated by ASCAT and QuikSCAT, even though the two scat-
terometers observe the same region over the same time range.

The source of the differences is hypothesized to be geophys-
ical. QuikSCAT operates at a wavelength of 2.2 cm, whereas
ASCAT is at a 5.7-cm wavelength. The structures in the
Antarctic ice sheet that are responsible for azimuth modulation
(e.g., sastrugi and megadunes) scatter more strongly at the
C-band wavelength of ASCAT than at the Ku-band wavelength
of QuikSCAT. Additionally, the penetration depth of snow and

ice is more shallow for QuikSCAT than ASCAT, so ASCAT is
subject to more volume scattering than QuikSCAT.

Further study is warranted to understand the reasons behind
the differences in azimuth modulation observed by QuikSCAT
and ASCAT. However, the enhanced-resolution estimation of
the modeled azimuth modulation parameters is an important
step. Both QuikSCAT and ASCAT data are consistently pro-
duced on the same high-resolution grid using the same Fourier
series estimation.

C. Wind-Glaze Regions

A geophysical feature of interest in East Antarctica is the ex-
istence of wind-glaze regions. These are areas where the snow
surface is polished smooth by blowing snow. Wind-glaze re-
gions are expected to exhibit little to no azimuth modulation [2].

For a region of East Antarctica near the Ross Sea, the
ASCAT and QuikSCAT modulation magnitude parameters are
shown in Fig. 4, with areas of wind glaze as identified by
Scambos et al. [2] indicated by the white outlines. Two areas of
wind glaze dominate the selected region: one at the upper left
corner of the region and one in the right half of the region. The
upper left wind-glaze region is identifiable in the ASCAT and
QuikSCAT mk images due to the lower azimuth modulation
magnitudes in this region. The other region contains some areas
of reduced azimuth modulation but largely exhibits a strong
azimuth modulation, similar to the areas without wind glaze.

The results shown in Fig. 4 are representative of other wind-
glaze regions: Although some wind-glaze regions exhibit low
azimuth modulation magnitude values, other regions have a
larger degree of azimuth modulation. Furthermore, the azimuth
modulation values are not uniformly dampened within the
wind-glaze regions: Large values of azimuth modulation occa-
sionally exist and significant “spotting” and other texture are
present at these locations. This suggests a more complicated
behavior at these regions, possibly indicating the coexistence of
sastrugi or other features so that the mapped wind-glaze regions
are not spatially uniform as suggested in [2].

IV. CONCLUSION

The azimuth modulation, or anisotropy, in the observed
scatterometer σ◦ data over East Antarctica is modeled with a
Fourier series. Both ASCAT and QuikSCAT data are consid-
ered, although QuikSCAT slice data are ultimately not used due
to its noise.

The estimated azimuth modulation magnitude and phase
terms are similar when comparing ASCAT and QuikSCAT data,
although some differences exist. A large difference is that the
ASCAT data exhibit a much larger azimuth modulation magni-
tude than the QuikSCAT data. This is attributed to geophysical
structures that are azimuthally anisotropic yet play a larger role
at C-band (5.7 cm) for ASCAT than at Ku-band (2.2 cm) for
QuikSCAT.

Previously mapped wind-glaze regions are also evaluated for
azimuth modulation. We find in both ASCAT and QuikSCAT
data that, although less azimuth modulation is typically present
within regions of wind glaze, the regions exhibit significant
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Fig. 4. (Left column) ASCAT and (right column) QuikSCAT egg (top) m1, (middle) m2, and (bottom) m4 images over a region of East Antarctica near the
Ross Sea. Note that color scales for the images differ to increase image contrast. Wind-glaze regions as mapped by Scambos et al. [2] are outlined in white.

variability. Some pixels (each with an area of 9.8 km2) may
contain a modulation magnitude of several decibels.

The results presented here demonstrate the consistency of
East Antarctic backscatter azimuth modulation at two radar
bands and also illustrate the differences. Furthermore, regions
of wind glaze are shown to contain variable azimuth mod-
ulation. Future work to better explain the reasons for the
differences at C and Ku-bands is needed.
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