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Abstract

Some of the first examples of multi-frequency, polarimet-
ric SAR signatures of sea ice were presented in Kwok [1]
and Drinkwater et al. [2, 3]. These signatures were derived
from data acquired in the Beaufort, Bering and Chukchi
Seas in March 1988 during a campaign for validation of the
DMSP SSM/ 1 radiometer ice products. These preliminary
observations suggested potential enhancement of our capa-
bility to discrimate sea ice types in SAR data. The focus of
this work is to provide a more detailed characterization of
the signatures of apparent thin ice types observed in these
data and the utility of these signatures for ice type clas-
sification purposes. The statistical characteristics of these
signatures and the dependence of them on system calibra-
tion are summarized. Implications of these observations for
sea ice scattering models are briefly discussed.
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1. Introduction

Turbulent heat flux from the ocean to the atmospheric
boundary layer is a function of sea ice thickness with an
especially strong dependence on sea ice with thicknesses in
the 0-100cm range '4;. Within this range, the flux can in-
crease by at least an order of magnitude as the thickness
approaches zero. It is quite difficult to discriminate the
different types of thin ice based entirely on backscatter in
single frequency and polarization SAR. Potential enhance-
ment of our ability to discriminate different ice types in
multi-frequency, multi-polarization has been pointed out in
[1, 2, 3]. Some examples of the polarization signatures of
sea ice were provided in [2, 3]. The focus of this work
is to provide a more detailed characterization of the appar-
ent thin ice types in the multi-frequency, multi-polarization
SAR dataset acquired during the DMSP SSM/I validation
campaign. Some of the effects of the statistics of polari-
metric parameters and system calibration on ice signature
estimation are discussed. These effects are especially sig-
nificant for targets with microwave responses close to the
noise level of the radar. Young and smooth ice types fall
into this category due to their smooth upper surface and
high reflectivity. '
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Section 2 gives a brief description of the dataset and the
regions of open water; thin-ice which have been selected for
analysis. The calibration of these data is also described.
Polarimetric parameters which are used for characterizing
these ice types are provided in Section 3. and the statisti-
cal properties of these parameters and their dependence on
system noise performance are discussed. Signatures of the
open water, thin ice types are described in Section 4 and a
summary is provided in Section 5.

2. Data Description

During March 1988, multi-frequency polarimetric SAR data
were acquired over the Beaufort, Chukchi and Bering seas
using the NASA DC-8 airborne laboratory. The radar op-
erates in the C-, L- and P- bands (5.31, 1.26, 0.45 GHz
respectively). Each frequency channel has the capability
of simultaneously collecting linear like-polarized (HH and
VV) and cross-polarized (HV and VH) backscatter data.
The complete polarization signature of every resolution el-
ement in an image is recorded. Additionally, the radiomet-
ric and polarimetric data samples are processed such that
they are spatially registered. The spatial resolution of the
SAR data is approximately 6.6m in range and 11m in the
azimuth direction. The range of look angles of the radar is
between 0 and 70°.

Sea Ice Dataset/Regions of Interest

Two L-band total power images were selected for exami-
nation of open water/thin ice signatures, these are shown
in Figures 1 (ID = CM1372) and 2 (ID = CMO0291). Both
datasets were acquired during flights over the Beaufort Sea
on March 11, 1988. A mixture of first-year (FY) and multi-
year (MY) ice of various ages can be observed in both im-
ages. On the left hand side of the image in Fig. 1. there
are several openings with relatively low backscatter which
is indicative of open water or relatively new or thin voung
ice. The signature of the open water/thin ice in the leads
is discussed further in the next section. The image in Fig.
2 was acquired several hours after the first and is further
north into the Beaufort Sea. Again the distinctive signa-
tures of MY and FY under Arctic winter conditions can be
easilv recognized 1. 2. 3. The thin ice region of interest
possesses radiometric signatures relatively similar to that of
thick FY-ice in L.-band but has multi-frequency and polari-
metric signatures quite distinctive from apparently thicker

CH2971-0/91/0000-0081$01.00 © 1991 IEEE



Fig. 1. L-band total power image of CM1372.

FY ice. The relatively high backscatter of this area in C-
band compared o L-band can be easily constrasted to the
behavior of thick FY ice in the total power images from the
same area (Figure 3a and 3b). Again, the signature of this
region is discussed further in the next section.

Data Calibration

The polarimetric characteristics for the radar flown during
the 1988 Alaska campaign were quite stable at L-band, al-
though less so at C-band and P-band. The pclarimetric
calibration of the radar was assessed during an over-flight
of trihedral corner reflectors deployed at the Fairbanks air-
port during one day of the campaign (March 13) [5]. From
the trihedral measurements, the gain imbalance (VV/HH)
between the two co-polarized channels, were -1.8dB, -0.6dB
for C- and L-bands. respectively and the cross-channel iso-
lation of C- and l-bands were -27dB and -17dB, respec-
tively Cross channel isolation affects the sensitivity of the
radar to the cross-pol (hv) returns from the sea-ice.

The datasets used in this work were phase-calibrated to
remove the instrument-induced errors in the phase rela-
tionship between the radar channels. Calibration is accom-
plished by selecting an in-scene target where the scattering
phase difference between hh — vo is known and using this
knowledge to remove the phase offset between the channels.
Sample windows within a multi-year floe in each image were
selected as polarimetric phase references with ¢,.nn = O.
Examination of this polarimetric phase in MY and FY ice
indicate that they are approximately the same i.e. ~ 0 and
that one could have selected FY as well MY ice as phase
calibration targets.

3. Data Analysis

The multiffrequency polarimetric data distributed by JPL
is stored in a compressed Stokes matrix format. The recon-
structed Stokes matrix at each spatial sample is a 4x4 sym-
metric real matrix representing the polarimetric backscat-
ter properties for an area of the surface at that incidence an-
gle. Two polarimetric quantities {derived from these Stokes
matrices) other than the co-pol and cross-pol backscatier
cross-sections (Oph,Opu,Ony), which are used here to char-
acterize the specific ice types, are the polarization ratio, =y
and the polarization correlation coefficient. p, where:

< VVE >
T CHHE S
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CM0291. (a) L-band total power image. {b)
power image.
p=<HHVV™ > .

il is the correlation between the VV and HH returns and
Zp is the phase difference between VV and HH returns.

Statistical Characteristies of g}/{‘;
The probability density function of the ratio of the magni-

YV, . . e |
tudes (77 is described in Kong 61, Based on this density
function. the corresponding density function of the polar-
o - Ve .
ization ratio, (y = zgr) can be obtained using a straight-

forward transformation of y = #? resulting in,

PDF(y) = o . pjl(f’ ~ Yl

(v +y)* ~dqy 0?2
which is dependent on the polarization ratio. ~ and the cor-
relation, ip , between HH and VV returns from the target.
Figure 4 shows the density function of the power ratio y
for v = 1.5 and 3.0 with {p; = 0.7. It can be seen that the
width of the density function (or variance) is proportional
to -y of the target giving the density function a rather long
tail for large values of ~. Effectively, a larger sample popu-
lation is required to provide equivalently good estimates of
the mean v of a target with a large expected ~.
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Fig. 4. Density function of the y = T

Sensitivity of v to System Noise

Since the thin ice/open water backscatter signatures are
fairly low (less than 5dB) compared to the system noise
level, the effect of the system noise level on the estimates
of v is discussed here. System noise contribution to the
expected target backscatter cross-sections tend to cause an

underestimation of -, viz.

<lVV?>
< |HH|? >

< VV4ni>
<IHH +n?> "~

Therefore, the removal of the system noise contribution is
required for accurate estimation of v. L-band data acquired
by the NASA,JPL SAR has a noise floor at approximately
-40dB, which remains constant across the range swath and
the C-band data has a noise floor which is range dependent

and is approximately -35dB at boresight [7].

Sensitivity of p to System Noise .
System noise contribution tend to decorrelate the HH and
VV responses, again causing an underestimation of the cor-
relation coefficient, Ip!, if this noise level is not accounted
for. The dependence of the correlation coeflicient, p, on
the signal-to-noise performance of the radar. assuming <
nypn, >= 0, can be written as,

(S]VRH}] =t 1)(’75;‘\"[?,1]]1 - 1)1/2
YISNEpn

Pactual = Pmeasured

= [(SNRyp.~)

where SN Ryy is the signal-to-noise ratio of the HH chan-
nel. Figure 5 is a plot f(SNRypy,~) which shows the de-
pendence of the scale factor f on SN Rpypy for different re-
alization of target 7. As expected this factor approaches
one with increasing SNRs.

4. Ice Signatures

Open Water/Thin Ice in CM1372

Winebrenner {8 suggested using the polarization ratio be-
havior (at L-band) to discriminate between thin ice and
open water. This was accomplished by comparing the po-
larization ratio generated using a first-order Bragg rough

surface scattering model for seawater and thin ice with the
radar observations. Following this procedure, a plot of the
~ vs incidence angle behavior of the data samples in the
Each ~ is estimmated from a

leads is shown in Fig. 6.

Scale Factor F{SN Run.v)

SN Ru
Fig. 5. Dependence of |p| on signal-to-noise ratio and po-

larization ratio.

window of approximately 20x20 samples. The model be-
havior for the seawater (¢ = 76.3 + ¢55.97) and thin ice
(e = 3.95 + 10.5) responses at L-band are overlayed on the
same plot. The data showed fairly good correspondence
with the model predictions in the near range, however, a
slight divergence (decrease in the observed slope) can be
observed which could be an effect caused by system noise.
Figure 7 shows the same plot after the system noise contri-
bution has been removed. It showed that slope in the far
range has increased somewhat and that the data are closer
to the theoretical behavior for seawater rather that thin
ice. Evidence of open water/thin ice can be observed in
the K,-band scanning radiometer (KRMS) image data of
the same ice (not shown here) which were acquired roughly
10 minutes before of the DC-8 SAR. The brightness tem-
perature of the apparent ice/water in the leads is approxi-
mately 150° K compared to the MY brightness temperature
of 170°K and is indicative of open water or new ice 9}

Thin 1ce in CM0291

The apparent thin ice type shown in Figure 3 has been ob-
served in several images acquired during the Alaska cam-
paign. This ice type has a very characteristic high backscat-
ter (approaching that of MY ice) at C-band and relatively
low backscatter at L-band. Polarimetrically, this ice type
causes a fairly significant phase shift (¢yv_pgg = —15° to
—20°) between the VV and HH returns at L-band with
insignificant phase shifts at C-band. Figure 8 shows the
polarization phase shift vs incidence angle plot of this ice

type at L-band and C-band. The correlation coefficient |p|
of 0.6-0.7 is lower that that observed for FY and MY ice at
L-band and is comparable to FY and MY ice at C-band.
The multi-frequency polarization signatures suggest that
this ice type appears as a fairly lossy dielectric with a rough
surface at C-band. At L-band, the relatively higher cross-
pol return suggests volume scattering contribution from the
medium with the phase shift being caused by boundaries
of the thin ice layer. Currently, the observed phase shift
cannot be explained by an infinitely thick ice layer. It is
speculated that these surfaces are roughened at their upper
surface by frost flowers which have significant salt content,
thus explaining the wavelength dependency in the rough
surface scattering which is observed.
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(deg) behavior of ice in leads.

5. Summary

Multi-frequency polarimetric signatures of some thin ice
types are presented. The effect of the statistical character-
istics and system noise performance on the estimation of
these polarization signatures are treated. Corrections are
suggested on the basis of noise estimates, which improves
the results. Observations from remotely-sensed polarimet-
ric data (without the benefit of direct field measurements)
are important not only for characterizing the sea ice dis-
crimination capability with polarimetric data but also for
determining the focus for field experiments and model ef-
forts for studying these observed signatures.
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