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Abstract - In previous studies, the radar backscat-
ter measurements from polar giacial ice have demon-
strated modulation in azimuth angle. Azimuthal mod-
ulation is a function of the wind induced surface char-
acteristics of the glacial ice. In a continuing evaluation
of the ERS1 C-band scatterometer as a tool for study-
ing polar sea ice, we evaluate the azimuthal modula-
tion characteristics of Antarctic sea ice. Using several
study regions dispersed in the Antarctic seasonal sea
ice pack, the scatterometer data is evaluated for evi-
dence of azimuthal modulation. The incidence angle
dependence is estimated and removed in each study
region before determining whether azimuthal modu-
latlon is present in the data. Our results show that
there is negligible azimuthal modulation at the scale
of observation of the ERS1 C-band scatterometer.

1. INTRODUCTION

In this paper, we address the issue of azimuthal modu-
lation o tEf)le microwave signature over Southern Hemi-
sphere sea ice and Antarctic glacial ice in ERS-1 C-band
scatterometer data. Our primary interest in this study
is in the polar sea ice azimuthal modulation characteris-
tics. Glacial ice is studied for comparison since azimuthal
modulation has been observed over Antarctic glacial ice
using the Seasat Ku-band scatterometer [1].

The paper is organized into two sections. The first ad-
dresses the selection and processing of the ERS-1 data.
The second draws conclusions from the data plots and
assesses the presence of azimuthal modulation.

II. PROCEDURE

For this study, several study regions encompassing
Antarctic sea ice and glacial ice are selected. The regions
are chosen to ensure a homogeneous surface response and
ﬁood azimuthal diversity. The data is corrected for inci-

ence angle dependence and plots of 0 vs. azimuth angle
are made to evaluate azimutﬁal modulation.

Study Regions

Study regions are chosen based on the assumption that
the surface in the region is homogeneous. To aid in the
selection of homogeneous regions, we use enhanced reso-
lution images of Antarctic glacial and sea ice. The spatial
homogeneity of the ¢° measurements in a study region
reduces the variance of the measurements, ensuring accu-
rate assessment of low level ( 1 dB) azimuthal modulation.
Examples of enhanced resolution images can be found in
[2], and an explanation of the SIRF algorithm for gener-
ating the enhanced resolution images is found in [3].

An additional criterion for selecting viable study re-
gions is adequate diversity of azimuth angles. Azimuth di-
versity is required in order to properly evaluate azimuthal
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modulation. Azimuth diversity is affected by the size of a
study regions and the number of days in the'study period.
The dgnamic nature of the Antarctic sea ice increases the
probability that the surface changes over the course of
several days. Since several days of data are required to
give good azimuthal diversity, temporal homogeneity of
the surface is required when selecting study regions.

The successful tradeoff between study region size and
the number of days in the data set can be evaluated by
visually examining the data. An evaluation of each study
region is made to determine whether the data is spatially
and temporally homogeneous and whether it has sufficient
azimuthal angle diversity to show azimuthal modulation.
The evaluation for homogeneity is done by plotting the
o’ values versus incidence angle and evaluating the data
visually for o° spread and variance in the ¢° vs. incidence
angle plot.

To evaluate the data for azimuthal angle diversity, a
histogram of azimuth angles for several incidence angle
rarigﬁs is plotted. An example azimuth angle histogram
of ERS-1 scatterometer data over Antarctic sea ice is given
in Figure 1 for the incidence angle range 40 to 45 degrees.
The reasons for relating azimuthal angle diversity to small
incidence angle ranges is discussed in the next section.
The ERS-1 data over sea ice shows a limited range of az-
imuth angles. Notice the groupings of azimuthal angles
in the example histogram in Figure 1. These groupings
are evident 1n all the data used in this study and are a
consequence of the instrument geometry. Also, due to
instrument geometry, very few readings ‘are made at az-
imuthal angles above 270 degrees or below 90 degrees.

As will be explained in the next section, small incidence
angle ran%es are used when evaluating azimuthal mod-
ulation. Histograms for each incidence angle range are
evaluated for each study region for adequate azimuthal
diversity. The incidence angle ranges examined in this
study are 25° to 30°, 30° to 35°, 35° to 40°, 40° t6 45°,
45° to 50°, and 50° to 55°. Two additional ranges near
40°, 37° to 39° and 40° to 42° are used.

After making the evaluations, we found that most re-
gions selected using the enhanced resolution images had a
relatively small 0% spread in each incidence ang%e range.
The incidence angle ranges near 40° exhibit good az-
imuthal diversity but ranges near the incidence angle ex-
tremes are much less likely to have a diversity of azimuthal
measurements. A total of 34 study regions are selected
and used in this study with 20 regions on the Antarctic
continent and in 14 regions in the seasonal sea ice pack.

Incidence Angle Dependence

Since the radar return may have both incidence and az-
imuth angle dependence tﬁe separation of any incidence
angle dependence from the data is crucial to proper inter-
pretation of azimuthal modulation observed in the plots.

The incidence angle dependence of the backscatter over
a narrow incidence angle range is modeled by the linear



equation
A+ B(0 — 40°) €]

where o9p is the received backscatter in dB and 6 is the
incidence angle of the measurement. Although 40° is used
here, the data can be normalized to any incidence angle
value. B represents the slope of the data with respect to
the incidence angle §. An estimate of the parameter B,

denoted B, is determined from a linear regression of the
o’ measurements for each study region. With a B esti-

mated for a given study region, the estimate ﬁi for each
backscatter measurement ¢¢ in the study region is given

by

o —_
0dp =

A = of —B(6 - 40°). (2)

The resulting A; values represent incidence angle normal-
ized backscafter values, i.e. the value of 0° at 8 = 40°.

B Error
Note that each ¢° measurement in a study region data
set represents a unique backscatter measurement from a
single radar footprint. The surface area of the footprint
is smaller than the total area in a each study region, so it
is reasonable to assume that each 0° measurement has a
unique B associated with it. Error may be introduced by
using a single estimate of the B parameter to determine
the incidence angle normalized backscatter estimates .A;.
Suppose that for a given ¢° measurement, the true
value of A, A; is given %y

A = of = Bi(0 —40°) (3)

where B; represents the true B value for the ¢° measure-

ment. If I3 is not exactly equal to the true value B, the
error € in A; is given by

c= A—A = (B-B)0-40° (4)

We can express BasB=8B+ &, where £ represents the
difference between the true value Ei and B. Now let Emar
be the maximum B error, {nee = mam(g —B;). Then the
maximum error in A is

+€maz (0 — 40°). (5)

In this study, the mean B is approximately —0.2 with a
worst case range of 0.0 to -0.4, making §,5, = £0.2. The
maximum error in A, €maz, 15 plotted vs. mncidence angle
as in Figure 2.

The data can be normalized to any incidence angle,
so the error introduced by incidence angle correction is
minimized by normalizing the data to an incidence angle
in the middle of each incidence angle range studied. Note
that the graph in Figure 2 shows the worst case error, so
we expect the error will be much smaller in practice.

III. RESULTS

Figure 3 shows a representative plot of Avs. azimuth an-
gle for an small incidence angle range over sea ice. Figure

4 shows a representative plot of Avs. azimuth angle for

an small incidence angle range over glacial ice. A, the
incidence angle normalized ¢°, is plotted. Both plots are
representative of the graphs produced in this study for
a,lPsea ice and glacial regions.” There are no major devia-
tions from these representative plots other than the mean
which is a function of 8 and differs from region to region.

€mar —

Incidence Dependence Removal

Figures 5 and 6 show a comparison of A, the incidence
angle normalized ¢° , on one plot and ¢° on the other
for a given region. Note that a large range of incidence
angles (10° to 70°) is used for this evaluation to illustrate
the impact of incidence angle removal on azimuthal plots.
Due to the coupling of the azimuth and incidence angles,
it a,l:ilpears as thou& there may be azimuthal modulation
in the uncorrected data set in Fig. 5. However, with
the removal of incidence angle dependence, the apparent
azimuthal modulation disappears (Fig. 6). Since the in-
cidence angle and azimuth angle for a given reading are
related by the orbital geometry, and we can expect some
relation between the incidence angle and the azimuth an-
gle. Thus, the apparent azimuthal modulation in Fig. 5
1s not true azimuthal modulation.

To further support this, the plot in Fig. 4 (glacial ice)
shows modulation in azimuth even with the removal of in-
cidence dependence. Note that the two plots in Fig. 3 and
Fig. 4 are made over a small incidence angle range (3°).
Over this smaller range of incidence angles, we do not ex-
pect incidence angle effects to be significant. Comparison
of corrected and uncorrected plots over small incidence
angle ranges shows little difference, as expected.

Azimuthal Modulation

An examination of the plots in Fig. 3 and Fig. 4 reveals
two important results. First, there 1s significant azimuthal
modulation over the glacuﬂ regions. This is consistent
with the results of [1] for Ku-band Seasat scatterometer
data. Second, azimuthal modulation of ¢° is less than 1
dB over sea ice.

Remy et. al. [1] demonstrated that the azimuthal mod-
ulation over Antarctic glacial ice was related to the kad-
abatic winds on the continent and possibly ice slope. The
winds cause a rippling in the fern on the glacial ice surface
that is evident in satellite data as azimuthal modulation.
Sea ice, on the other hand, has much different surface
characteristics than glacial ice. Snow on the surface of
Antarctic sea ice during most stages of formation tends
to be saturated with saline water, reducing the effects of
wind shaping on the ice surface. ﬁurther, since the sea ice
floats on the surface of the ocean, we expect no inherent
slope associated with sea ice that would induce azimuthal
modulation. Any significant slope in the sea ice must re-
sult from ridging or stacking of ice floes. The dynamic
nature of the sea ice sheet also causes break up and re-
freezing of sections of the ice which effectively randomizes
small scale ridges and wind-induced ripples that may form
on the surface of the sea ice. Over the nominal 50km res-
olution scale of the ERS-1 scatterometer measurements,
relatively small, randomly oriented features are unlikely
to contribute significantly to azimuthal modulation in the
backscatter return. The size of the footprint effectively
averages the small, randomly oriented features so that
any azimuthal modulation is negligible.

IV. SUMMARY

A detailed analysis of the ERS-1 scatterometer data re-
veals that there is not any significant azimuthal modu-
lation evident data over Antarctic sea ice. Azimuthal
modulation over sea ice was less than 1 dB at the nomi-
nal ERS-1 scatterometer resolution of 50 km. Azimuthal
modulation is observed over Antarctic glacial ice which is
consistent with the results of other studies.
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Figure 1. Example histogram of azimuthal angles over Antarc-
tic sea ice. Note the gaps caused by instrument geometry.
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Figure 2. Plot of the maximum error in A caused by a worst

case Berror. The error is typically much smaller, on the order
of 0.05 dB
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Figure 3. Representative o° vs. azimuth angle plot for sea

ice. This region is in the Weddell Sea. ,:f, the incidence angle
normalized o is plotted.
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Figure 4. Representative o° vs. azimuth angle plot for Antarc-
tic glacial ice. A, the incidence angle normalized ¢° is plotted.
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Figure 5. Plot of ¢° vs. azimuth angle, an example of no
correction for incidence angle dependencies
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Figure 6. Plot of A vs. azimuth angle, an example of data
with incidence angle dependencies removed.
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