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Abstract - The ERS-1 mission has generated a wealth of radar data
over the Southern Hemisphere polar region. While the SAR mode of
the ERS-1 Active Microwave Instrument (AMI) can provide only lim-
ited temporal and spatial coverage, the scatterometer mode provides
frequent, global coverage, albeit at a much lower (50 km) resolution.
By applying a recently developed algorithm for generating enhanced
resolution scatterometer images, the ERS-1 scatterometer data can be
used to study both sea ice and glacial ice to support SAR-based studies.
This paper describes the algorithm and its application to ERS-1 scat-
terometer data with particular emphasis on sea ice. Selected images
from a time series covering a complete annual cycle are presented.

I. INTRODUCTION

The narrow swath and data rate and power requirements of the ERS-1
AMI SAR limit its coverage of the polar region. However, the AMI
scatterometer mode, designed primarily for ocesnic wind measure-
ments, provides a 500 km wide coverage swath and frequent, global
coverage at 50 km resolution. An algorithm for generating enhanced
resolution images from scatterometer data has recently been developed
to enable the effective use of scatterometer measurements in land and
ice studies.

In this paper the algorithm is applied to create enhanced resolution
images from ERS-1 scatterometer data over the entire Southern Hemi-
sphere Polar region. The resulting images are time-integrated maps of
the mean radar backscatter coefficient normalized to 40° incidence an-
gle (termed “A”) over a seven day period. Separate images are made of
the dependence of the backscatter on incidence angle. A time series of
these medium-scale .A images of Antarctica and the surrounding seas is
presented. Such images complement the lower frequency temporal and
spatial coverage of the high resolution SAR images. We describe the
application of the algorithm to ERS-1 scatterometer data and discuss
the relative strengths of the resolution enhancement algorithm applied
to scatterometer data for the study of sea ice. Additional results are
given in separate papers (Early et al., 1994; Drinkwater et al., 1993;
1994).

11. SCATTEROMETER IMAGING

The wide AMI scatterometer swath provides frequent, multiple-inci-
dence angle coverage of the polar region in a given location. The scat-
terometer mode operates essentially continuously whenever the AMI
SAR mode is not in use. Until recently, the intrinsic low resolution of
the scatterometer data has limited its application in ice studies. How-
ever, applying a resolution enhancement algorithm permits the gener-
ation of weekly images of the entire Southern Ocean sea-ice cover at a
resolution higher than present alternatives. The resulting backscatter
images are based on muitiple azimuth and incidence angle observa-
tions. This diversity is helpful in ice characteristics discrimination and
in the separation of ice from ocean.

Long et al. (1993) developed an algorithm for generating enhanced
resolution images from scatterometer data. This algorithm was devel-
oped expressly for Seasat scatterometer (SASS) data but, with suitable
modifications, can be applied to ERS-1 scatterometer data. The al-
gorithm is based upon the spatial overlap achieved by the instrument
over a period of time (multiple orbits). The algorithm has been suc-
cessfully applied to the study of glacial ice using SASS over Greenland
by Long and Drinkwater (1994) [see also Early et al. (1994)].

With respect to the resolution enhancement algorithm, the key dif-
ference between SASS and ERS-1 is the spatial response of the mea-
surements and the spatial filter applied to the ERS-1 measurements.
Each ERS-1 scatterometer measurement of the radar backscatter (0°)
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consists of a series of pulses which are integrated and spatially filtered.
The nominally 50 km resolution ¢° measurements are reported on a 25
km grid; however, the number and relative positions of the pulses inte-
grated into a given 0° measurement are variable, reducing the effective
resolution enhancement capability of the algorithm. The spacecraft
passes over a given region on either an ascending or descending ground
track every few orbits. In general, a given area at high latitudes is
generally observed several times each day with varying azimuth and
incidence angles.

Backscatter from ice is a function of the measurement incidence
angle, 6, and geophysical properties of the ice. In the incidence angle
range 18° < ¢ < 60°, corresponding to the range of scatterometer
measurements, 0° (in dB) is approximately a linear function of ¢

10log; 0°(8) = A+ B(6 — 40°) (1)

where the coefficients A and B depend on the ice characteristics. .4
is the 40° incidence angle-normalized ¢°, while B describes the de-
pendence of o° on §. Note that 40° represents the mean 6 of the,
observations and is thus a convenient angle for making comparative
data analyses.

Over sea ice, the azimuthal modulation of ¢ is typically less than
1.0 dB: in subsequent processing ¢° was assumed to have no azimuth-
angle modulation. Ignoring such modulation is recognized as a limita-
tion of this current work, as open water or low ice concentration areas
may be present within the pack where surface scattering from wind-
generated capillary waves can result in different 6° values between the
three beams.

III. RESOLUTION ENHANCMENT ALGORITHM

The scatterometer image reconstruction algorithm with filtering (SIRF)
as applied to SASS is described in detail by Long et al. (1993). The
technique utilizes multiple, overlapping measurements of ¢° and signal
processing techniques to generate images of A and B which can have
better resolution than the intrinsic 0° measurement resolution. For
SASS, SIRF provides images of A and B with a resolution of up to 4-5
km from originally 50 km resolution measurements (Long et al., 1993).

The effective enhancement is dependent on the spatial response
and overlap of the measurements from different passes, the response
of the spatial filter applied to the original pulse measurements, and
the spatial accuracy of the gridded scatterometer data. The resolution
enhancement achieved with ERS-1 scatterometer data is limited by
the spatial filter applied to the data and the lack of knowledge of the
individual pulse locations after interpolation to a fixed grid.

SIRF utilizes s small-scale rectilinear grid of resolution elements on
the earth’s surface. As the fore, mid and aft beams successively sweep
over the grid, the overlapping measurement cells of each of the three
antennse are superimposed upon the grid elements. The estimated
value of backscatter g for the k** messurement is a weighted average
of the ° values of the individual resolution elements covered by the
integration measurement cell, i.e.,

or =Y > h(z,y;: k)o°(z, ¥ k) 2

where the summations are defined over the non-zero values of the
weighting function h(z,y;k) corresponding to the measurement re-
sponse. The measurement response includes the antenna gain pattern
and filter responses.

Since actual scatterometer measurements are noisy, the technique
is extended to include noise effects. A modified, multivariate multi-
plicative algebraic reconstruction technique (MART) with a nonlinear,




update is used to compute the high resolution estimates of A and B
using Eq. (1). The iterative slgorithm results in enhanced resolution
images of A and B where each grid resolution element becomes a pixel
in the reconstructed image.

An initial B estimate image, B?, is made by setting 60 = —0.13
dB/deg (the global average of B) where i is the row-order pixel num-
ber. The initial A image is set to zero, L.e., @) = 0. In the k™ iteration,
the previous B estimate image is used to generate an estimate of A.
Linear regression of the .A update terms (expressed at the original mea-
surement incidence angle) is then used to update the previous estimate
of B. To improve noise tolerance, both the new .4 and B estimates are
determined as a non-linearly weighted average of the previous estimates
and the estimate update.

With the ¢° measurements expressed in dB, zj, the scatterometer
image reconstruction (SIR) algorithm follows. Define
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The A estimate update term, uij, is computed as
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Linear regression of the A updates, u;, provides an update for B,
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where ¢% = uf; + bf(6; — 40°). The B estimate is updated using a

weighted average of c¥ and the previous B estimate,
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This system of equations is iterated over & until convergence (typ-
ically 20-40 iterations for ERS-1). The subjective quality of the final
images is improved by applying a hybrid median-linear filter to the
image estimates at each stage of the iteration (Long et al., 1993).

For SASS, sufficient resolution enhancement is obtained by using a
simplifed binary-valued & where h is set to unity within the 3dB cell
tesponse and zero outside. To maximize the resolution enhancement
of ERS-1 scatterometer data the spatial response function of the ERS-
1 0° measurements is used where the response function is a circular
cos? with the 3 dB point at 50 km diameter (see Fig. 1). Improved
knowledge of the response function, the pulse locations, and the pulse
interpolation function would significantly improve the resolution en-
hancement capability.

100 KM
Figure 1.
Slice through the ERS-1 0° measurement response.
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IV. SCATTEROMETER IMAGING CONSIDERATIONS

In this study an equal-area Lambert image projection is used and the
resulting image pixel resolution is chosen to be approximately 12 km.
The resolution enhancement is not without cost since variance in the
A and B images increases as resolution is increased. Thus, a tradeoff
must be made between the resolution and the noise level with multiple
passes over the target required to obtain sufficient measurement over-
lap for the reconstruction algorithm to yield a resolution improvement.
The absolute resolution improvement depends on the measurement re-
sponse and the total number of measurements, with greater numbers
contributing to a reduced estimate of noise and/or improved resolu-
tion. In addition, during the “imaging time interval” the radar and
surface characteristics must remain constant between passes. Thus,
some tradeoff must be made between imaging time interval and res-
olution, due to temporal change. Other requirements are imposed
and additional assumptions made regarding the 0° measurements, in-
cluding: (i) Instrument calibration must remain stable over the data
acquisition interval. (ii) o° is assumed independent of the azimuth an-
gle of the measurement. (iii) Surface topographic effects on the image
reconstruction process are assumed negligible and are ignored.

Large long-term seasonal changes are observed in .4 and B in sea ice
regions over a full ice growth year in the Southern Ocean. In contrast,
however, the large-scale relative change in o° over 1 to 2 weeks is rela-
tively small and so we restrict the imaging interval to 1 week. A seven
day imaging time interval obtains the best trade-off between coverage
and resolution. Resulting images reflect the average or ‘filtered’ sea-
ice backscatter response during this imaging time period. Variations
in 0° during each 1 week interval are treated as noise by the image
reconstruction algorithm. Thus, short-term variability (timescales <
7 d) is averaged out and only the longer timescale changes due to the
large-scale sea ice dynamics remain in the weekly images.

A major drawback of this approach is the assumption that sea ice
motion is not important in the image reconstruction: these effects are
under investigation. Measurements of sea-ice floe drift rates indicate
typical mean drift displacement of around the equivalent of ~ 5+ 3
pixels/week in the reconstructed weekly images. This smoothes any
remaining high frequency pixel variability in the final images. The re-
sulting medium-scale images nonetheless have significant application to
sea-ice geophysical studies and are illustrated in the following section.

V. IMAGE TIME SERIES

Time-series maps of the Southern Ocean are a primary application of
the SIRF imaging technique. The capability of the SIRF slgorithm to
produce images of the sea-ice characteristics around the whole Antarc-
tic Continent is demonstrated in Figures 2 and 3. Figure 2 is an image
of the sea-ice at nearly the minimum ice extent, during the first week
of February 1992 (Julian Days 32-38). Figure 3 shows the contrast-
ing situation near maximum ice extent at the end of September 1992
(Julian Days 272-278).

Both images show smoothly varying isotropic returns from the sea
ice in contrast to the highly variable and anisotropic returns of the
ocean beyond the sea ice margin around Antarctica (due to backscat-
tering from wind-generated waves). The residual Antarctic sea-ice
cover in the Amundsen, Bellingshausen and Weddell Seas is clearly
marked in Figure 2 as bright patches extending northwards from the
Antarctic coast. Figure 3 clearly shows the regions of greatest ice
extent during winter with the lower mean A values of winter sea-ice
evident. Note the contrastingly greater structure observed within this
extensive sea ice cover with particularly strong swirls and bands ob-
served in the backscatter values of the Weddell Sea.

The C-band backscatter at 40° incidence angle largely reflects the
salinity and roughness of the sea ice (Drinkwater et al., 1994). Both
of these sea-ice geophysical properties are related to the age of the
sea ice and its history of deformation throughout a single ice season.
Another factor may be snow depth, which is also related to the age
of the ice since formation. Summer A values in Fig. 2 reach -10 dB
owing to predominantly rough surface scattering from ice floes during
wet surface conditions. In contrast, the mean winter A values in Fig.
3 decrease, as a higher salinity first-year ice cover grows rapidly to




latitudes north of 60° S near the Greenwich meridian. A more detailed
study of the scattering characteristics of the Weddell Sea area is given
in Drinkwater et al. (1994).

VI. SUMMARY

The approach discussed here for generating weekly ERS-1 sea ice im-
ages for the entire Northern or Southern polar regions provides a valu-
able supplement to the spatially and temporally sparse higher resolu-
tion SAR images. The enhanced ERS-1 scatterometer images provide
(1) frequent global coverage and (2) multiple incidence angle observa-
tions. While the latter capability is not investigated here, the images
of backscatter normalized to 40° incidence provide a remarkable capa-
bility for monitoring basin-wide processes. A relative improvement in
the spatial accuracy and knowledge of the individual pulse locations
within the scatterometer products would further improve the spatial
and temporal resolution of these products.
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Figure 2.
A image (0 at 40° incidence angle) for JD 32-38, 1992. Data
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