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Sea Ice Detection in the Sea of Okhotsk
Using PALSAR and MODIS Data
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Abstract—In this paper, we propose a newmethod for improving
detection of sea ice through use of PALSAR (Phased-Array type
L-band SAR) polarimetric data. Unlike traditional methods that
are based on backscattering coefficient, our proposed method
utilizes scattering entropy to detect sea ice. We tested this method
by comparing sea ice area derived from PALSAR fully polari-
metric data covering the Sea of Okhotsk acquired in 2009 and
2010 to that derived from reference MODIS (Moderate Resolution
Imaging Spectroradiometer) data of the same region. We applied
discriminant analysis to samples of sea ice and open water to
determine the threshold of PALSAR backscattering coefficient
and scattering entropy needed to discriminate sea ice from open
water. We found that sea ice area derived from PALSAR data was
equivalent to that derived from MODIS data, suggesting that our
proposed method was reliable in the detection of sea ice in the Sea
of Okhotsk.

Index Terms—Backscattering coefficient, discriminant analysis,
polarimetric SAR, scattering entropy, sea ice.

I. INTRODUCTION

B ECAUSE sea ice acts as an insulator between air and sea-
water, extent of sea ice is related to local as well as global

climate and can act as a critical indicator of climate change [1].
Passive microwave radiometer images play an important role in
detecting changes in the size of global sea ice cover. A recent
study has shown that a combination of radiometer and buoy mo-
tion data could detect changes over the last 20 years in the frac-
tion of older, thicker ice in the Arctic Ocean [2].
Because many spaceborne synthetic aperture radar (SAR)

systems currently operate in Arctic and seasonal sea ice areas,
sea ice research using SAR data is of particular interest. Sea ice
segmentation methods for both single- and multi-polarization
SAR data have been proposed [3], [4], and a high-resolution
sea ice concentration map was created for the Baltic Sea using
RADARSAT ScanSAR data [5]. The relationship between ice
thickness and depolarization factors was also investigated in
relatively thick sea ice areas in the Arctic Sea [6].
The southern region of the Sea of Okhotsk is typically cov-

ered by ice from January to March each year. Because ice is
a severe impediment for shipping, the Japan Coast Guard rou-
tinely provides a sea ice concentration map of this area spanning
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winter months. Although they have attempted to use PALSAR
(Phased-Array type L-band SAR) ScanSAR data [7] as a tool
for informing sea ice concentration maps, representatives from
the Coast Guard have cited difficulty in detecting thin sea ice
(i.e., new ice, nilas, and grease ice) using this data because of
low backscattering coefficient [8]. Detecting thin sea ice is es-
pecially important because it can prevent vessels from ingesting
cooling water through a vessel’s sluice gate.
Wakabayashi et al. have investigated the use of Pi-SAR (air-

borne fully polarimetric L-band SAR) data [9], [10] for ob-
serving sea ice in the southern region of the Sea of Okhotsk.
From the Pi-SAR data acquired in a wide range of incidence
angles, they calculated the incidence angle dependencies of po-
larimetric parameters for sea ice and open water. They found
that the scattering entropy could extract the open water from
the sea ice region due to the low depolarization characteristics
of the open water [11].
Our objective in this research was to develop a method for

detecting sea ice in PALSAR data. Here, we detected sea ice
area in the Sea of Okhotsk using PALSAR fully polarimetric
data acquired in 2009 and 2010 and compared it to that derived
from referenceMODIS (Moderate Resolution Imaging Spectro-
radiometer) data of the same time period.

II. REGION OF INTEREST AND DATA

The Sea of Okhotsk is the most southerly region in the
Northern Hemisphere where sea ice exists during winter
months. Most sea ice found in this region has a thickness less
than 1 meter. Based on ice core structure analysis, it has been
suggested that the dynamical ice growth process under turbulent
conditions (e.g., frazil ice formation, floe accumulation) are the
dominant contributors to thick ice growth in this region [12].
Our region of interest (ROI) was located between Sakhalin and
Hokkaido islands in the southern region of the Sea of Okhotsk
(Fig. 1).
The Japan Aerospace Exploration Agency (JAXA) launched

PALSAR as a payload of the Advanced Land Observing Satel-
lite (ALOS) in January 2006. It had been operated by April
2011. Despite frequent passes of PALSAR over the Sea of
Okhotsk for the last five years, there were a few polarimetric
data acquisitions available for our ROI. Four polarimetric ob-
servations were made during three consecutive winter periods
from 2008 to 2010 covering our ROI. However, because of
high cloud cover in our site in 2008, we focused on PALSAR
and MODIS data from 2009 and 2010. Table I summarizes the
list of satellite data used in this research. We used PALSAR
Level 1.1 slant range complex data in order to fully extract
polarimetric information. MODIS data were downloaded in
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Fig. 1. ROI location.

TABLE I
LIST OF DATA USED IN THIS RESEARCH

Level 1B format from the National Snow and Ice Data Center
(NSIDC) site.

III. SEA ICE DETECTION USING PALSAR

A. SAR Data Problems With Sea Ice Detection

The backscattering coefficient of open water depends on
water surface roughness, which is related to sea surface wind
velocity. When water freezes, the backscattering coefficient
decreases until ice thickness reaches several centimeters due
to a decrease in the ice surface’s dielectric constant with ice
growth. In addition, because surface roughness increases as ice
grows, due to the existence of frost flowers, the backscattering
coefficient increases until ice thickness reaches 20 centimeters.
The backscattering coefficient decreases again after ice thick-
ness increases above 20 centimeters [13].
When a threshold for backscattering coefficient is used

for sea ice detection, as is the case with single polarization
SAR data, it is generally difficult to set a threshold value that
differentiates sea ice and open water because of the complexity
in how backscattering coefficients change as described above.
The Japan Coast Guard attempted to develop a method for
using PALSAR ScanSAR data to create a sea ice concentration

map in the Sea of Okhotsk. However, their efforts were discon-
tinued because of issues relating to the setting of thresholds for
backscattering coefficient [8].
SARs onboard satellites launched after 2006 have the capa-

bility of acquiring polarimetric data. Fully polarimetric SAR
systems transmit pulses alternatively through two antennae with
different polarizations, and these antennae simultaneously re-
ceive scattered pulses from observation targets. As a result, the
system can produce four polarization sets and four processed
SAR images with different polarizations. Because polarimetric
SAR systems observe scattering characteristics at different po-
larizations, they are able to gather more information regarding
a target’s scattering mechanisms.

B. Scattering Entropy

To solve issues highlighted in the previous section, we pro-
pose a new method for detecting sea ice using PALSAR polari-
metric data. This work is based on our previous research that
analyzed airborne polarimetric SAR data in the Sea of Okhotsk
[11]. In this previous research, we found that the scattering en-
tropy of open water gives consistently low values in a wide
range of incidence angles because surface scattering is common
in open water. Alternatively, the scattering entropy for various
sea ice types generates higher values than that of open water.
Therefore, we propose that scattering entropy can be used to dis-
tinguish sea ice from open water. Because the scattering entropy
of thin sea ice is larger than that of thicker sea ice, we expected
that this method would have an advantage in detecting thin sea
ice as compared to methods based on backscattering coefficient.
Scattering entropy is calculated from the eigenvalue of the

covariance or coherence matrix determined from the observed
scattering matrix. The scattering entropy is calculated as
follows:

(1)

where is the th normalized eigenvalue. Each eigenvalue is
related to the ratio of different scattering mechanisms, such as
odd bounce scattering, even bounce scattering, and diffuse scat-
tering. Scattering entropy is recognized as an index of the ran-
domness of scattering mechanisms. When scattering is predom-
inately caused by a single scattering mechanism, scattering en-
tropy is low. The maximum value of scattering entropy is one.
Because scattering is predominately caused by surface scat-

tering for open water, scattering entropy is low compared to that
of sea ice, where scattering is the result of multiple mechanisms.
Thus, we hypothesize that a threshold for scattering entropy
could be used to differentiate sea ice and openwater. The bound-
aries of these thresholds can be determined using PALSAR data.

C. Processing PALSAR and MODIS Data

We transformed PALSAR fully polarimetric data as well as
MODIS visible and near infrared data into the same geometric
coordinate systems. We processed PALSAR data according to
the following steps:
• We calculated amplitude and scattering entropy in 12
(azimuth) by 2 (range) samples of PALSAR level 1.1
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Fig. 2. Example of processed images for (a) MODIS albedo on Feb. 17,
2009, (b) MODIS albedo on Feb. 20, 2010, (c) PALSAR scattering entropy on
Feb. 17, 2009, and (d) PALSAR scattering entropy on Feb. 20, 2010.

slant range data, which corresponded to a 50 m by 50 m
ground area. Amplitude data for each polarization were
converted into backscattering coefficient using calibration
coefficients provided by JAXA.

• We transformed slant range images into UTM coordinates
using cubic convolution resampling methods.

• We mosaicked six to seven images between Sakhalin and
Hokkaido islands to create a single image of the study area.

• We created a land mask from SRTM-3 elevation data and
applied it to the mosaicked PALSAR image.

We also created a sea ice reference dataset from MODIS
visible and near infrared channels and used it to validate our
method. We classified sea ice using standard methods based on
a threshold in surface albedo:
• By combining three MODIS channels (bands 1, 3, and 4),
the MODIS albedo was calculated according to the
following equation.

(2)

where , and are the reflectances calculated from
digital numbers and conversion coefficients for bands 1, 3,
and 4, respectively. By using thresholds in MODIS albedo,
we were able to differentiate open water and to classify sea
ice area into three categories (i.e., new ice, young ice and
first-year ice) [14], [15].

• We transformed the MODIS albedo image into UTM co-
ordinates with 500 m pixel spacing.

• We applied the same land mask used for PALSAR image.
• We created a cloud mask from MODIS band 7 data and
applied it to mask clouded areas from the MODIS image.

Fig. 3. Extracted areas for data analysis in (a) 2009 and (b) 2010 with (c) an
example of the sampling point determination in 2009.

The final product was a sea ice reference map with a spa-
tial resolution of 500 m. Examples of PALSAR scattering en-
tropy and MODIS albedo images are given in Fig. 2. The size
of MODIS images was 1000 by 1000 pixels with 500 m pixel
spacing.

D. Extraction of Sea Ice and Open Water Areas

Because PALSAR and MODIS images were geographically
aligned, we could extract the characteristics of PALSAR data
that corresponded to various MODIS albedo including sea ice
and open water. However, because of an eight hour time dif-
ference in acquisition time between PALSAR and MODIS, ex-
traction errors caused by sea ice drifts during this time lag had
to be carefully considered. We visually evaluated errors in sea
ice position and excluded those areas from our analysis. We ul-
timately confined all further analysis to regions within our study
area where sea ice movement was limited.
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Fig. 4. Relationship betweenMODIS albedo and (a) PALSAR scattering entropy, (b) HH backscattering coefficient, (c) VV backscattering coefficient, and (d) HV
backscattering coefficient in 60 sea ice and 20 open water areas. Each dot indicates an averaged value in 2.5 km by 2.5 km area.

Fig. 3 (a) and (b) indicate the areas we analyzed for both sea
ice and openwater overlaid on PALSAR scattering entropy data.
Because MODIS albedo changes with varying sea ice types, we
extracted sea ice areas with aMODIS albedo from 0.1 to 0.3.We
extracted 10 and 30 areas for open water and sea ice analysis,
respectively, from the 2009 and 2010 datasets, each with an area
of 2.5 km by 2.5 km.
Fig. 3(c) shows enlarged MODIS and PALSAR images

for the southern offshore region of Sakhalin Island where the
boundary between sea ice and open water can be recognized in
both images. Because of boundary changes between the two
images, we purposely selected sampling areas in this region
that were distant from boundaries.
In total, we selected 20 open water and 60 sea ice areas for

analysis. In cases where drifting errors were present within the
analyzed area, errors in extracted backscattering coefficient or
scattering entropy may have occurred.
According to scattergrams, scattering entropy could be used

to differentiate open water and sea ice where backscattering co-
efficients could not (Fig. 4). We observed a bimodal separation
in scattering entropy for open water and sea ice (Fig. 5).

IV. QUANTATATIVE ANALYSIS FOR DISCRIMINATION OF
SEA ICE AND OPEN WATER

We quantitatively verified detection accuracy of sea ice and
open water using multivariate discriminant analysis [16]. We
first determined within-class and between-class variance of
two classes, sea ice and open water, which was recognized
in MODIS albedo. A correlation ratio was then calculated as
the ratio of between-class variance to total variance, which
was used as an index of separation between classes. From
within-class variance and between-class variance ,
the total variance was calculated as . Finally,
the correlation ratio was defined as:

(3)

We applied a linear discriminant analysis (LDA) in order to
separate sea ice and open water by backscattering coefficients
and scattering entropy, ultimately determining a threshold
separating the two classes. Through LDA, a separation line
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Fig. 5. Distribution of scattering entropy and backscattering coefficients. Since the unit area in this analysis is 500 m by 500 m, these are the histograms of 2000
data for (a) Scattering entropy, (b) HH backscattering coefficient, (c) VV backscattering coefficient, and (d) HV backscattering coefficient.

between two classes can be established through the following
relationship:

(4)

where is a new variable, is the original variable (here, ei-
ther backscattering coefficient or scattering entropy), and and
are constants chosen to maximize the correlation ratio of the
two classes. The other conditions in determining and are the
variance of to be number of samples, and the center between
two class averages to be zero. Because the two classes are sep-
arated at zero in , the threshold in the original variable is
determined as .
Table II summarizes the resulting correlation ratios, derived

thresholds for open water and sea ice, and discriminant accura-
cies, which were derived from 2000 samples of backscattering
coefficients and scattering entropy. We found that polarimetric
SAR data could be used to effectively discriminate sea ice and
open water; the correlation ratio for scattering entropy was 0.73,
which was larger than the ratio for backscattering coefficient.
Here, because VV polarization had the highest correlation ratios

TABLE II
CORRELATION RATIOS AND DISCRIMINANT ACCURACIES

BETWEEN SEA ICE AND OPEN WATER

within all polarizations, it was superior to HH polarization in
discriminating these two classes. The backscattering coefficient
for HV polarization alone did not accurately separate sea ice
and open water. Discriminant accuracies of the derived thresh-
olds were highest for scattering entropy followed by VV, HH,
and HV polarizations.
We also investigated combinations of multiple polarization

sets in addition to the single polarization backscattering coeffi-
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TABLE III
CORRELATION RATIOS AND DISCRIMINANT ACCURACIES FOLLOWING LINEAR

DISCRIMINANT ANALYSIS USING BACKSCATTERING COEFFICIENTS

cient. The relationship for new variables that combined multiple
polarizations was as follows:

(5)

where is the th polarization backscattering coefficient,
and are coefficients that maximize the correlation ratio of two
classes, and is the number of polarizations in the combination.
Table III summarizes the resulting correlation ratios and dis-

criminant accuracies for the combination of multiple polariza-
tion backscattering coefficients. We observed high correlation
ratios and discriminant accuracies for combinations of like- and
cross-polarizations in a dual polarization combination. The VV
and HV combination had the highest correlation ratio (0.706)
with discriminant accuracy (98.4%). We also investigated the
combination of three polarizations (HH, VV, and HV) and found
a similar correlation ratio (0.718) and discriminant accuracy
(99.3%). Thus, the best polarization combination for discrimi-
nating sea ice and open water was the VV and HV combination
for this dataset.

V. DISCUSSION

A. Backscattering Characteristics of Open Water

A total sample number of open water recognized by MODIS
albedo was 500, and the mean backscattering coefficients were

dB for HH, dB for VV, and dB for HV. The
range of incidence angle was 23 to 25 degrees for the PALSAR
21.5 degrees off-nadir angle.
Mean wind speed at PALSAR acquisition time (12:30 UT)

was 3.2 m/s and 4.6 m/s for the 2009 and 2010 datasets, re-
spectively, which were recorded at Tokoro AMeDAS (Auto-
mated Meteorological Data Acquisition System) station at the
southern edge of our ROI on Hokkaido Island [17]. Based on
the relationship between PALSAR HH backscattering coeffi-
cient and wind speed as investigated by Isoguchi et al. [18],
we estimated the backscattering coefficient at approximately

to dB over our ROI. Because the estimated backscat-
tering coefficients were smaller than the measured values, the
actual wind speed over offshore areas was assumed to be larger
than the measured wind speed at Tokoro station. Considering
monthly average wind speed in February at Tokoro AMeDAS
station, which was 4.4 m/s in 2009 and 3.5 m/s in 2010, the sea
surface condition at PALSAR acquisition time was considered
to be typical for this time of year in our ROI.
In theory, when the ocean surface becomes specular due to no

wind, the backscattering coefficient decreases and approaches

Fig. 6. Enlarged MODIS and PALSAR images for possible areas of thin sea
ice (indicated rectangle on (a)), including (b) MODIS albedo, (c) PALSAR HH
backscattering coefficient, and (d) PALSAR scattering entropy. The size of these
images is 34 km by 34 km.

the “noise” level. In this case, it is possible that open water
would not accurately be differentiated because of increased scat-
tering entropy. However, we did not find that this situation oc-
curred in areas classified as open water in the 2009 and 2010
MODIS data. We plan to further investigate this phenomenon
using various SAR systems, (e.g., ALOS-2/PALSAR-2), which
will be available in the near future.

B. Characteristics and Detection of Thin Sea Ice

The average backscattering coefficients for 1500 sea ice sam-
ples were dB for HH, dB for VV, and dB
for HV. Considering the backscattering coefficients and obser-
vation incidence angles, we concluded that these values were
not relevant to thin sea ice with thickness less than 10 cm. To
determine if our method could accurately detect thin sea ice, we
examined the entire 2009 and 2010 dataset. We found possible
areas of thin sea ice in the offshore region of the east coast of
Sakhalin Island. The enlarged area was shown in Fig. 6, and the
characteristics of this area were summarized in Table IV. We
could recognize the areas with resemble size and shape in both
MODIS and PALSAR images in Fig. 6. Because the displace-
ment between MODIS and PALSAR images in this area was
relatively large, we did not include the characteristics of this
area in our quantitative analysis described in Section IV.
Wakabayashi et al. [11] showed that thin sea ice had

backscattering coefficients less than dB and scattering
entropies larger than 0.4 in the range of incidence angles from
20 to 30 degrees. We found similar values for thin sea ice in
our ROI (Table IV), and we conclude that scattering entropy
can be used to accurately detect thin sea ice areas even in areas
of low backscattering. Although it is possible to detect thin sea
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TABLE IV
CHARACTERISTICS OF POSSIBLE AREAS OF THIN SEA ICE

Fig. 7. Example of a sea ice concentration map derived from PALSAR data
from (a) 2009 and (b) 2010. The spatial resolution of these maps is 500 m by
500 m.

ice area by locating areas of low backscattering, we suggest
that using scattering entropy together with backscattering coef-
ficient is a more reliable way of detecting thin sea ice. We plan
to further analyze the application of this methodology using
simultaneously acquired SAR (e.g., ALOS-2/PALSAR-2) and
optical sensor data.

C. Sea Ice Concentration Derived by PALSAR Data

Sea ice concentration is defined as the ratio of area covered
by ice to the total area for a given sea area. A high-resolution
map of sea ice concentration would be important for ship navi-
gation, which could be constructed from SAR data. We created
a high resolution binary image of sea ice by setting a threshold
of 0.25 on the PALSAR image of scattering entropy. Based on
the definition of sea ice concentration, we calculated the ratio of
pixels classified as “sea ice” to the total number of pixels in the
image. Fig. 7 shows an example of a sea ice concentration map
created from PALSAR data acquired in 2009 and 2010.

VI. SUMMARY

In this study, we proposed a new method for detecting sea
ice in the Sea of Okhotsk by using PALSAR fully polarimetric
data. We investigated backscattering coefficients as well as scat-
tering entropy behaviors for areas with sea ice and open water,
which were recognized using MODIS visible and near infrared
data. After analyzing these two classes with linear discriminant
analysis, we found that sea ice and open water areas were best
differentiated using scattering entropy compared to any com-
bination of backscattering coefficients. Using the distribution
of scattering entropy and backscattering coefficients for sea ice
and open water, thresholds for scattering entropy and backscat-
tering coefficients were determined within our ROI in the Sea
of Okhotsk.
Our results demonstrated the feasibility of sea ice detection in

the Sea of Okhotsk using L-band fully polarimetric SAR data. In
the future, we plan to further investigate methods for detecting
sea ice with various conditions using additional SAR, including
ALOS-2/PALSAR-2.
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