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ABSTRACT. Multi-frequency, multi-polarization airborne synthetic aperture radar
(SAR) observations of sea ice in the southern Sea of Okhotsk were carried out in February
1999 in conjunction with RADARSAT SAR observations. The final goal of this study is to
clarify the backscattering characteristics and to understand the scattering mechanisms of
sea ice in the Sea of Okhotsk by using microwave multiparametric SAR. The airborne
SAR (Pi-SAR) has two frequencies (X- and L-band) and multi-polarization (HH, V'V,
HV,VH) with L.5m (X-band) and 3.0 m (L-band) resolution. It was developed by the
Communications Research Laboratory (X-band) and the National Space Development
Agency of Japan (L-band). We show the frequency dependence and polarization proper-
ties of radar backscattering from sea ice. We find that it 1s possible to distinguish ice types
by comparing backscattering from sea ice in the X- and L-bands. Investigation of the
polarization characteristics at X-band was very useful for detecting the thin-ice area

(e.g. nilas and gray ice).

INTRODUCTION

The presence or absence of sea ice in the ocean is clearly an
important factor in overall heat exchange at high latitudes.
The Sea of Okhotsk represents one of the southern limits for
seasonal sea ice in the Northern Hemisphere. Calculation
results of general circulation models have shown that global
warming significantly affects the extent of sea ice in the Sea of
Okhotsk (Noda and others, 1996). Also, changes in the extent
of sea ice influence not only the atmospheric response around
the Sea of Okhotsk, but also the downstream towards North
America (Honda and others, 1999). Monitoring the temporal
and spatial distribution of sea ice in the Sea of Okhotsk is very
important for detecting global climate change.

Microwave remote sensing of sea ice by space-borne or
airborne synthetic aperture radar (SAR) is a technique that
provides high spatial resolution and all-weather images inde-
pendent of solar illumination. To date, operational SARs with
a single frequency and a single polarization (e.g. ERS-1, -2,
JERS-1, RADARSAT) have provided information regarding
the horizontal distribution of sea ice. However, ascertaining
volumetric distributions and distinguishing different types of
ice by using single-frequency, single-polarization SAR
images remains difficult. Observations of Arctic sea ice pro-
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vided by multi-frequency polarimetric SAR (NASA, DC-8
aircraft) have indicated that combinations of frequency and
polarization enhance our ability to distinguish between ice of
different properties (Drinkwater and others, 1991).

In this paper, we report recent observations of seasonal sea
ice in the Sea of Okhotsk made possible by a new dual-
frequency multi-polarization airborne SAR. We also show
some of the first examples of multi-frequency, multi-polariza-
tion SAR data for this sea ice. The frequency and polarization
dependence of SAR backscattering from sea ice is discussed.

OBSERVATIONS
SAR

Dual-frequency, polarimetric airborne SAR has been
named Pi-SAR (polarimetry in the X- and L-band, and
interferometry in the X-band). It was developed by the
Communications Research Laboratory (CRL/X-band)
and the National Space Development Agency of Japan
(NASDA/L-band). In the Pi-SAR, the frequencies for the
X- and L-bands are 9.55GHz (3.14 cm wavelength) and
1.27 GHz (23.5 cm wavelength). The spatial resolutions are
1.5 m for the X-, and 3.0 m for the L-band. The radar systems
are mounted on an aircraft (Gulfstream II), and the image
data are taken at a flight speed of about 200 m s " at altitudes
of 6000-12000 m. The two frequency systems operate
simultaneously. The ground-range swath is approximately
15 km, and typical incidence angles are 20—60° (Kobayashi
and others, 1998). The radiometric calibration is better than
£1.5dB in backscattering coefficient. In this paper, we focus
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Fig. 1. Map of test site and RADARSAT SAR ( C-HH, incidence angle of 25-25° ) image acquired on 23 February 1999.

on the backscattering magnitude data. The phase calibration
is still ongoing; polarimetric analysis including the phase
dependence of backscattering from sea ice is not discussed.

Test site

The Pi-SAR observations of sea ice in the Sea of Okhotsk
were carried out near the northeastern coast of Hokkaido,

a X-band

Japan. The data were acquired on 23 and 24 February 1999,
in conjunction with RADARSAT SAR observations (C-
band; 5.3 GHz, HH polarization, spatial resolution about
30m). In situ truth data of the floating sea ice were not
obtained because it is difficult to access the thin, unstable
sea ice. However, photographs of the sea ice from the air-
craft were taken simultaneously during the Pi-SAR obser-
vations when weather permitted.

13.5 km

b

Look direction f

e Flight direction

Fig. 2. Pi-SAR images of (a) X-band, and (b) L-band acquired on 23 February 1999, as color composttes of HH (red ), VV
(green) and HV (‘blue) channels. Swath width is 13.5 km and azimuth distance is 50.0 km.
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¢ HADARSAT C-band (5.3 GHz) HH

Figure 1 shows a map of the test site and the RADARSAT
SAR image acquired on 23 February 1999. The SAR image
covers about 53 km x 53 km. The radar incidence angle to
the area is between 23° for the left side and 25° for the right
side. More than 90% of the sea in the image was covered
with sea ice at the time of the observation. The large sea-
water lake (with salinity of > 30 ppt (parts per thousand))
covered with sea ice near the coast in the lower center of the
image is Lake Saroma. The white rectangle represents the
Pi-SAR observation area, shown in Figure 2.

Figure 2a and b show the Pi-SAR browse images of the
X- and L-bands, acquired on 23 February 1999, as color
composites of the HH (red), VV (green) and HV (blue)
channels. The swath width is 135km and the incidence
angle is between 20° (near range) and 57° (far range). Lake
Saroma is on the right in the image. These browse images
were processed for the large area with low resolution (10 m);
some nominal radiometric contribution has not been
removed in the processing of range direction. In the following
section, we used well-calibrated detailed images to describe
the backscattering properties of sea ice.

https://doi.org/10.3189/172756401781818734 Published online by Cambridge University Press

Matsuoka and others: SAR observations of sea ice in Sea of Okhotsk

b pi-SAR, L-band (1.27 GHz) HH

Fig. 3. Extended Pi-SAR images of square 1 in Figure 2 in
(a) L-band HH, and (b) X-band HH. Incidence angles of
the marked areas are 25-25°. (¢) RADARSAT image of the
same area. Each image is 3 km x 3 km.

RESULTS AND DISCUSSION

Frequency dependence

We show the frequency dependence of SAR backscattering
using the Pi-SAR and RADARSAT data with specific inci-
dence angle (24°+£1°) and polarization (HH). Figure 3a
and b show detailed images of square 1 in Figure 2. Figure
3a corresponds to the image in Figure 2a, and Figure 3b to
that in Figure 2b. The image covers 3 km x 3 km, and the
incidence angle is 23-34°. Figure 3¢ shows a RADARSAT
image (standard mode; Sl) of the same region. From the
photographs of the sea ice taken from the aircraft, and from
our knowledge of the dielectric properties and typical surface
conditions of sea ice, we reach the following empirical con-
clusions about the area types. There are four basic types.
The first is open water (OW) shown by dark areas (weak
backscattering) in all three frequency images. When the
water was calm, the backscattering coeflicients almost
reached the noise level due to the specular reflection of the
microwaves. The second type is thin ice (TT), such as nilas
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Table 1. Frequency dependence of backscattering coefficients
(dB) from sea and various sea-ice surfaces at incidence angles
0/ 25-25°. Mean values of each marked square in Figure 3a—c

are shown
Band ow 11 S-FYT R-FYT
L (Pi-SAR) =310 —28.5 —21.8 =117
C (RADARSAT) -26.0 -23.5 -13.0 -11.3
X (Pi-SAR) 304 -91.0 87 144

and gray ice, shown by dark areas similar to the area of open
water in the low-frequency image, but distinguishable in the
high-frequency (X-band) image. The third type is smooth
surface first-year ice (S-FYI) shown as a bright area in the
high-frequency image, and as a slightly bright, rounded area
surrounded by bright curved lines in the low-frequency (L-
band) image. The last type is rough surface first-year ice
(R-FYI) visible as bright areas in all three images.

The backscattering coefficients of these surfaces using
frequency as a parameter, at incidence angles of 23-25°,

Backscattering coefficient (dB)

Distance (km)

[

#=50°

are shown inTable 1. The backscattering coefficients are the
mean values of the marked areas in Figure 3a—c. The inci-
dence angles of the marked area were 23-25° in Figure 3a
and b; the incidence-angle dependence on the back-
scattering coefficient was negligible. There is a difference of
approximately 10 dB between the open water and the thin
ice in the X-band, and of approximately 3 dB in the L- and
C-bands. The X-band is very effective in detecting thin-ice
zones, whereas the L-band discriminates well between
smooth and rough surface first-year ice.

Polarization characteristics of thin ice

Figure 4a shows an image of the Pi-SAR X-band, and Figure
4b an image of the L-band, as color composites of the HH
(red), VV (green) and HV (blue) channels. The images are
detailed ones of square 2 in Figure 2, and represent an area of
5km x 5 km. There was a large difference between the back-
scattering coefficients in the X- and L-bands near the center
of the image. Photographs of this area from the aircraft lead
us to conclude that this area comprised bare surface thin ice
such as nilas and gray ice surrounded by snow-covered first-
year ice. Figure 4c shows a profile of the X-band, and Figure
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Fig. 4. Images of Pi-SAR (a) in the X-band, and ('b) in the L-band, as color composites of HH (red ), V'V (green) and HV
(blue ). Images correspond to square 2 in Figure 2 and cover 5 km x 5km. (¢, d) Profiles of backscattering coefficient of dashed
lines (incidence angle of 50°) in (a) and (b ), respectively, with polarization as parameter. T he error bars are shown only at three

distance points.
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4d a profile of the L-band, backscattering coefficients at an
incidence angle of 50° using polarization as a parameter.
Each value in the profile was an averaged value of 400 and
100 pixels (20mx25m) in the X- and L-band image,
respectively. The standard deviation of the backscattering
coeflicient was around £1.5 dB.

Figure 4c shows that the backscattering coefficient of
the thin-ice area in VV polarization is >8dB greater
than that in HH polarization (polarization ratio: VV/
HH > 8dB), and 20 dB larger than that in HV polariza-
tion in the X-band (34-37km distance). By contrast, in
Figure 4d, the backscattering coefficients of the thin-ice
area are very low (almost noise level) in all three polari-
zation states in the L-band. Surface scattering may be
dominant in this area. First-order surface scattering model
calculations suggest that VV backscatter should exceed HH
backscatter for smooth surface at this incidence angle
(Winebrenner and others, 1989). The corresponding mean
VV/HH ratios at each frequency increase as the standard
deviation of the surface height decreases and as the ice sali-
nity and permittivity increase. These results suggest that
the observed sea ice (3.4—3.7 km distance) was the thin ice
having smoother surface and higher salinity than the sur-
rounding first-year ice.

At distances of 25-30km in Figure 4c, the back-
scattering coefficients of the cross-polarization HV of the
thin-ice area were larger than those of the first-year ice area
in the X-band. As the air temperature was higher than
—10°C in the SAR observations, there was no multiple scat-
tering caused by salt flowers on the sea-ice surface. This sug-
gests that volume scattering and multiple scattering from
the thin-sea-ice bodies cause large HV backscattering.
However, at the typical salinity of thin sea ice, the dielectric
constant is large (Ulaby and others, 1986). Thus, the pene-
tration depth in the ice in the X-band is very small
(<lcm), and the surface scattering appears to be the domi-
nant cause of the backscattering mechanism. It is possible
that there was thin ice with low salinity (several ppt) caused
by the desalination of upper-level ice, which is subject to
daily temperature changes. Model calculations for low-
salinity ice and brine characteristics like these will be
carried out in the near future.
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CONCLUSIONS

Dual-frequency multi-polarization airborne SAR (Pi-SAR)
observations of sea ice in the Sea of Okhotsk were carried
out in conjunction with RADARSAT SAR observations in
February 1999.

Using the Pi-SAR (L- and X-band HH) and RADARSAT
(C-band HH) data, the frequency dependence of the back-
scattering coefficient showed that the X-band is very useful
for detecting thin-ice areas such as those of nilas and gray
ice. L-band data are useful for discriminating between
smooth and rough surface first-year ice.

Interesting differences were observed between the back-
scattering coefficients of VV and HH from the thin-ice zone
in the X-band. The polarization ratio (VV/HH) was > 8 dB.
Also in the X-band HV, the backscattering coefficient from
the thin-ice area was very small. These results suggest that
surface scattering was the dominant mechanism, and the
observed sea ice was the thin ice having smoother surface
and higher salinity than the surrounding first-year ice.

The observations are difficult to explain because of the
complexity and variability of parameters that determine
backscattering from sea ice. More detailed results and quanti-
tative discussions with scattering models are required.
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