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Abstract—The effect of ice on polarimetric 4th Stokes com-
ponent observations is investigated using WindSat data over
Antarctica. The difference in the magnitude of the signal observed
during (July 2003) and summer (February 2004) months are
investigated using a second harmonic sine function of the azimuth
look angle. The seasonal variations are further investigated by a
time series of the 4th Stokes component for a location in Wilkes
Land in east Antarctica and compared with a time series observed
by the ERS scatterometer (ESCAT) from a previous work. The
paper discusses the potential of a polarimetric radiometer in
providing information about scattering and thermal properties
of a snow ice pack.

I. INTRODUCTION

WindSat provides the first fully polarimetric observations of
the Earths surface from space. Primarily developed for ocean
surface applications such as wind vector (speed and direction)
retrievals, it also provides observations over land and snow/ice
covered areas, creating an opportunity to investigate fully
passive polarimetry for these surfaces. The polarimetric data
is provided in the form of the Stokes vector, consisting of four
components. The first two are the typically measured vertical
(Tv) and horizontal (Th) brightness temperature. The others
are the 3rd and 4th Stokes components (U and V), which are
defined as the correlation between the vertical and horizontal
measurements [1]. The 3rd Stokes component is primarily
a function of the anisotropic orientation of any surface. For
a sea surface, this anisotropy is explained by the direction
of periodicity of the wind generated sea waves [2]. The 4th

Stokes component is the difference between the left and right
circularly polarized brightness temperatures [1]. In sea surface
applications the V component is analysed by comparing its
azimuthal response with that of U and is empirically related
to the wind vector [3]. The circularly polarized measurement
is obtained by introducing a phase shift of π/2 between two
orthogonal channels and then measuring the intensity of the
resulting emission. Therefore, the V component provides phase
information on the partially polarized emission. Higher order
scattering of the natural emission produces non-zero V signal
due to the coherent portion of the scattered signals [3][4].
Over sea and land surfaces the magnitude of V is almost
four times smaller than the U component [2][5]. However,

initial studies conducted using WindSat data, found that the
magnitude of the V signal was higher than or equivalent to
the U component over snow covered areas [6]. In the present
study V observations over the Antarctic ice sheet are analyzed
and compared with previous scatterometer results.

II. AZIMUTHAL DEPENDENCY AND DATA USED

Some studies performed using scatterometer observations
over Antarctica have shown a dependency of the backscat-
tering coefficient on the azimuth angle [7][8]. In a study
conducted by Long and Drinkwater [7], a second harmonic
sine function of azimuth look angle was utilized for estimating
the orientation of snow surface features, such as local slope,
snow dunes and sastrugi. In an initial analysis of WindSat
observations over Antarctica, a similar second harmonic de-
pendency of U and V on the azimuth angle was observed [6]. A
simple second harmonic function similar to that of sea surface
[3] can be utilized

V = V1 sin(ϕstruc − ϕrad) + V2 sin 2(ϕstruc − ϕrad) (1)

For a sea surface, V1, called the first harmonic coeffi-
cient, describes the up-wind/down-wind asymmetry, while
V2, called the second harmonic coefficient, describes the up-
wind/crosswind asymmetry. For snow surfaces, we expect the
first harmonic coefficient to primarily depend on the local
slope of the topography and the second harmonic coefficient to
primarily depend on features such as snow dunes, sastrugi and
snow drifts, which are asymmetric in upwind and crosswind
direction. Moreover, unlike a sea surface the penetration ef-
fects are critical for snow covers at low microwave frequencies
(C- and X-band). ϕstruc is the orientation direction of the snow
features and ϕrad is the radiometer look angle with respect to
north.

The WindSat data available to us were from Feb. 2003 to
Nov. 2005. The expectancy of snow precipitation events is
higher in winter than in summer. In costal areas due to the
higher temperatures in summer the melting of the deposited
snow occurs. Moreover, the wind speed is expected to be
higher in winter then during summer over most of Antarctica.
The Antarctic images of V1 and anisotropic V2 created using



Fig. 1. Maps of estimated ϕstruc at 10.7 GHz for July 2003(winter) and Feburary 2004 (summer) study periods shown in upper panel and compared with
the orientation maps derived from ESCAT and NSCAT data, adopted from Long and Drinkwater [7].

the data from July 1-15, 2003 (winter) and February 1-15,
2004 (summer). This allowed us to investigate the V response
during the very different surface and weather conditions. Only
the V observations at 10.7 and 37 GHz were used for the
present study.

III. RESULTS

In order to prepare the polar maps, the 15 days of data
were resampled on a 0.25◦x0.25◦ polar stereographic grid
above the latitude 60◦ S. Equation (1) was then fitted for
each grid cell and the parameters V1, V2 and ϕstruc were
estimated.The estimated obtained using the V observations at
10.7 GHz was compared with the Wind Scatterometer mode
(ESCAT), of the Advanced Microwave Instrument (AMI)
flown on the European Remote Sensing (ERS) satellites, and
the NASA scatterometer (NSCAT), flown on the Japanese
Advanced Earth Observation Satellite (ADEOS-1), derived
orientation presented by Long and Drinkwater [7] in Figure
1. In that study the NSCAT at 14 GHz and ESCAT data at
5.3 GHz for Julian days 268 to 283 of 1996 was utilized. The
additional constant phase angle terms in the first and second
harmonic coefficients were also used for correcting the offset
of the estimated angle. Moreover, in the initial analysis of
WindSat observation over sea surfaces, it was noted that the
U and V components were off by negative sign compared to
previous airborne fully polarimetric radiometer observations
[2]. In other words, the WindSat azimuth dependency is

off by a phase of 90◦. In that study the correction was
applied by inverting the sign of estimated first and second
harmonic coefficients. However, in the present work we have
not considered any constant offset terms with in Equation (1),
for correction of the estimated orientation. To account for
this issue and to facilitate the comparison of our estimated
orientation with scatterometer results we have added a offset
value of 90◦ to the retrieved angle. Figure 1 shows a very
good agreement between the orientations estimated from the
WindSat measured V component and NSCAT derived direc-
tion; specifically for Queens Maud Land, Kemp Land, Wilkes
Land and Terre Adelie. At the above mentioned frequencies,
the surface contribution is very low. Therefore, the orientation
of surface features, such as sastrugi and variations in surface
topography due to precipitation events are very small. This
was also indicated in the relatively small difference observed
between the estimated during winter and summer periods.

Considerable difference was observed between the esti-
mated V1 and V1 values for the two seasons. Figure 2 show
the maps of V1 and V2 at 10.7 GHz for July 2003 (winter) and
February 2004 (summer). V1 and V2 have higher magnitudes
during winter than during summer. For Queens Maud Land,
Princess Elizabeth Land, Wilkes Land and Terre Adelie this
effect appears to be significant. However, in the interior of
Antarctica, such as the area above the latitude of Wilkes Land
(≥74◦ S), the effect is less significant. During the winter
the penetration at 10.7 GHz can be expected to be higher



Fig. 2. Maps of the estimated V1 and V2 parameters at 10.7 GHz for July 2003 (winter) and February 2004 (summer), (Scale: -5 K (blue) to +5 K (red))

due to the presence of dry snow, therefore the subsurface
layers contribute to the measurement. During the summer,
for most of the areas such as Wilkes Land, the moisture
content increases, reducing the penetration depth at 10.7 GHz.
The V component depends on higher order scattering and,
therefore, the increased absorption decrease the effect of
higher order scattering on measured microwave signal. The
decrease in the higher order scattering is expected to reduce
the magnitude of V1 and V2 in summer period. A scatterometer
study conducted by Bingham and Drinkwater [8] discussed the
effect of snow morphological properties (density, grain size
and wetness) on the backscattering coefficient. In that study
a time series of backscattering coefficients from ESCAT was
analyzed over different locations in Antarctica. One of the
locations was Wilkes Land, where high deposition typically
occurs in the winter and then melts during summer. Figure 3
show a comparison between the time series of the WindSat

measured V component at 10.7 and 37 GHz (2003 to 2005)
with ESCAT measured backscattering coefficients at 5.3 GHz
(1992 to 1994). In order to prepare the time series of the V
component, two small azimuth angle ranges were selected,
320◦± 5◦ and 225◦± 5◦. These correspond to the ascending
and descending passes.

For a medium with a higher possibility of scattering effects,
the difference between the V components measured for these
azimuth angles should be larger and should decrease as the
higher order scattering in the medium decreases. In Figure 3
the annual cycle observed at 10.7 GHz V agrees well with that
observed in the ESCAT data. The backscattering coefficient
increases during winter due to an increase in volume scattering
[8]. The absolute magnitude of the difference between the
ascending and descending WindSat observations for the V
channel increases during the winter. The annual variation in the



Fig. 3. Figure 3. The time series of 10.7 (top) and 37 (bottom) GHz V
component compared with the ESCAT vv backscattering time series at 5.3
GHz, adopted from Bingham and Drinkwater [8].

backscattering coefficient is the result of seasonal variations in
the snow morphological properties due to the precipitation,
changing thermal properties and wind speed and direction
[8]. Unlike 10.7 GHz, the V component at 37 GHz shows
strong inter-annul variability. The 37 GHz corresponds to the
topmost snow surface, which is more likely to be influenced by
weather condition (especially precipitation events). In addition,
the direction of the surface winds influences the orientation of
the snow features. Both effects lead to additional variations on
top of the annual cycle in the 37 GHz V data as compared to
that at 10.7 GHz.

IV. DISCUSSION

The WindSat observations of the 4th Stokes component
were analyzed for the Antarctic ice sheet. A second order
harmonic sine function of the relative azimuth angle was uti-
lized for estimating the first and second harmonic coefficients
along with the direction of snow surface feature orientation.
The estimated direction over most of the Antarctic was in good
agreement with that derived from NSCAT observations. In the
present study, differences occurred in the estimated amplitudes
of V1 and V2, the first and second harmonic coefficient respec-
tively, between the winter and summer periods correspond to
the difference between the snow morphological properties of

the two periods. Volume scattering, which is higher during
winter, produces a coherent signal [9]. This coherent portion
of the signal was expected to be responsible for the presence
of non-zero V response. The observations made during the
two seasons confirmed the theory. During winter (July 2003)
the V signal is stronger, whereas during summer the volume
scattering decreases due to an increase in absorption losses,
which results in reduced absolute magnitudes of V1 and V2.
This study further confirms this by comparing the time series
of the V signal with ESCAT backscattering coefficient for
almost three years. Additionally, the higher frequency (37
GHz) observations of WindSat showed inter-annual variability,
which was explained by changes in the snow surface condi-
tions and the lower penetration depth. This study demonstrates
the potential of polarimetric radiometers in providing scatter-
ing information about the snowpack along with its thermal
properties using a single satellite. The information about the
ice sheet is critical for understanding the long and short term
variations in global and regional climate.
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