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Abstract: The method for sea ice detection using the data from the Dual-frequency Precipitation
Radar (DPR) onboard the Global Precipitation Measurement (GPM) satellite data is suggested. The
approach is based on the analysis of the shape of normalized radar cross-section dependence on the
incidence angle. The coefficient of kurtosis of surface slopes probability density function is introduced
as a parameter to distinguish between open water and ice cover. The approach was validated using
the data on sea ice concentration from the AMSR-2 radiometer in the Antarctic region.
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1. Introduction

The analysis of sea surface slope statistics originated from the study conducted by Cox
and Munk [1]. They demonstrated, using photographs of the sun’s glitter, that sea surface
slopes follow a Gram–Charlier distribution, which closely resembles a normal distribution.
Furthermore, the relationship between the parameters of the sea surface slope probability
density function and wind speed was investigated. These findings were later revisited and
validated in a subsequent study in [2].

In [3], the third and fourth statistical moments of the distribution were obtained in the
experiment with the optical scanners.

In [4], Ku-band microwave radar data were used to obtain quasi-Gaussian, two-
dimensional slope PDF. The data from the Dual-frequency Precipitation Radar (DPR)
onboard the Global Precipitation Measurement (GPM) satellite were used. All the parame-
ters of the slope PDF were inverted with a non-linear least square fit of the backscattering
coefficients. The empirical formulae relating the statistical parameters of the quasi-Gaussian
sea slope PDF with wind speed were established.

However, flat water surface slopes do not follow quasi-Gaussian statistics. There is a
range of states between the flat sea surface and the surface with developed waves. Wind
conditions influence sea surface slope behavior. Ice cover also modifies it.

The surface covered with ice is generally flatter than sea waves. Thus, changes in the
surface slope statistics can serve as the criterion for sea ice detection. In this paper, the
coefficient of kurtosis of surface slope PDF is considered to be a parameter, defining the
proximity of slope statistics to Gaussian. The data of DPR Ku-band radar at low incidence
angles are used to study the coefficient of kurtosis depending on the surface type: open
water and sea ice.

Sea ice detection at low incidence angles is a new and challenging task for remote
sensing society. Several works were devoted to sea ice detection using normalized radar
cross-section (NRCS) value measured by Sea Wave Investigation and Measurement (SWIM)
radar onboard Chinese-French Oceanography Satellite (CFOSAT) and DPR [5–7]. SWIM is
the Ku-band radar that has beams with incidence angles from 0◦ to 10◦. DPR consists of
the Ku-and Ka-band radars operating at incidence angles below 18◦.
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In [5], sea ice type in the Arctic region is determined based on several features of the
reflected pulse of SWIM radar. The method based on the Bayesian approach, presented
in [6], using SWIM radar data on NRCS, revealed good accuracy for incidence angles
below 6 degrees. At the same time, a simple classification method based on unsupervised
clustering has shown good performance at 4–18 degrees [7]. The problems of sea ice
detection using only the data on NRCS for unsupervised clustering occur at incidence
angles below 3◦. The alternative approach based on the information about surface slope
statistics is considered in the present paper.

The paper is organized as follows. In Section 2, the dataset is described. Section 3
presents the method to calculate the coefficient of kurtosis and the statistics of this param-
eter, and after that, the method for sea ice detection is discussed. Section 4 presents the
results for sea ice detection, and the results are summarized in the conclusion.

2. Data

The GPM satellite was launched in February 2014, carrying five instruments, including
the DPR and radiometer GPM Microwave Imager (GMI). The satellite ground track is
confined between 65°S and 65°N. The DPR is a Ku- and Ka-band pulsed radar with
horizontal polarization. The DPR antenna scans perpendicularly to the flight direction. The
scanning angle varies from −17° to +17°, with 49 beam positions separated by 0.71°. The
local incidence angle depends on the shape of the Earth. Maximum local incidence angle is
approximately 18◦, and spatial resolution is about 5 km. The GPM data contains a land
mask and rain flag for each resolution element. The data with precipitation were excluded
from consideration, as well as all the scans containing the data over land. Auxiliary data
on near-surface wind speed at 10 m height (U10) resampled to DPR resolution elements
were used. They are the Japanese Global Analysis model data (GANAL) used to provide
atmospheric environmental conditions. The data are resampled and distributed by the
DPR team as a complementary dataset and are stored in the GPM/DPR ENV product.

In this work, Ku-band radar data on normalized cross-section (NRCS) for July 2018
over Antarctica are used for latitudes south of 50°S.

Sea ice concentration (SIC) from AMSR-2 data were used for validation. The data
are available on the Bremen University website. SIC is obtained according to the ASI
algorithm [8]. The data contain gridded daily SIC products with 6.25 km resolution. The
values of SIC were resampled to DPR resolution elements. The samples with SIC ≥ 0.15
are labeled as “ice”, and those with SIC < 0.15 are labeled as “water”. The value 0.15 was
chosen as a typical threshold for ice/ocean discrimination [9].

The example of a DPR swath over Antarctic ice is presented in Figure 1. It should
be noted that the relationship between NRCS and incidence angle varies based on the
underlying surface, whether it is water or ice.

Several dependencies of NRCS on incidence angle for ice and water surface are
presented in Figure 2 for a track piece shown in the right part of Figure 1. The dependencies
for water scans are smooth and wide, while the dependencies for ice have a narrow peak.
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Figure 1. The example of DPR track over Antarctic ice: NRCS (color) over SIC (blue). On the right,
the enlarged piece of the figure is shown.

  

a b

Figure 2. The examples of NRCS dependence on incidence angle over the open-water surface (a) and
over ice surface (b) for the part of the DPR swath shown in Figure 1. Different colors correspond to
different scans.

3. Sea Ice Detection Method
3.1. Coefficient of Kurtosis Calculation

The backscatter of microwaves by the sea surface at low incidence angles is described
within the framework of geometrical optics approximation. According to this approxima-
tion, NRCS σ0 is proportional to the slope probability density function (PDF) along the
direction of scanning [10], and the dependence of NRCS on incidence angle θ is as follows:

σ0 = |R2
e f f |

2 cos−4(θ) · P(tan θ), (1)

where |R2
e f f |

2 is the effective reflection coefficient. It was shown [10] that surface slopes
PDF P(tan θ) for sea surface is close to normal distribution.

P(tan θ) =
1

2πσxσy
· exp(− tan2 θ

2σ2
x

), (2)
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where σ2
x,y are mean square slopes along and across scanning direction, respectively. This

approximation is valid for incidence angles within the range 0◦ < θ < 15◦ according to [11].
From Figure 2, the peculiarity of σ0(θ) for sea ice is the narrow peak at θ = 0◦. The

presence of this peak can be explained by the fact that for almost flat ice cover, there are
much fewer facets tilted from the horizontal than for sea waves. For the water surface,
σ0(θ) has a wide peak. Thus, it is assumed that surface slope PDFs for ice and sea waves
obtained from σ0(θ) are different.

It is known that the coefficient of kurtosis describes the sharpness of a peak of the
curve of PDF and the steepness of slopes of the distribution tails. The sharper the curve
peak near the center of the distribution, the greater the value of the coefficient of kurtosis.

The kurtosis for P(x) PDF is calculated as follows [12]

γ2 =
µ4

µ2
2
− 3, (3)

where µ2 and µ4 are the central statistical moments of PDF. The equation for µk from DPR
data is obtained in the Appendix A for the case of discrete measurements, and here it is
given in a final form

µk =
N

∑
i=1

(tan θi − tan θi)
kσ0

i cos4(θi)

[
N

∑
i=1

σ0
i cos4(θi)

]−1

, (4)

where θi is an incidence angle of DPR ith beam, σ0
i is NRCS measured at θi.

Each half of the swath is considered separately. First the part of the swath where
θ > 0◦ is augmented symmetrically, so that σ0(−θ) = σ0(θ). The coefficient of kurtosis
is calculated for this complemented swath, originating from the half with θ > 0◦. The
obtained γ2 is assigned to the pixels of the corresponding half of the scan. The same
procedure is performed for another half with θ < 0◦.

In Figure 3, the example of data processing is presented. The part of the swath shown
in Figure 1 is considered. Raw data of the swath for all 49 beams over Antarctic ice is shown
in the top figure. In the middle, sea ice concentration within the swath is presented, and at
the bottom, the coefficient of kurtosis for both parts of the swath is shown. The value of the
kurtosis coefficient is assigned to each resolution element of the half-scan for the calculation
of which data were used. The coefficient of kurtosis for the present dataset varies between
−1.9 and 3500. Thus, here and after the value equal to lg(γ2 + 2) is plotted. For the case in
Figure 3, high coefficients of kurtosis correspond to ice cover, and low values occur over
the sea surface.

In the middle part, dashed and solid lines correspond to the incidence angles −3◦ and
3◦. The cuts along these lines are presented in Figure 4. The upper half of Figure 3 contains
a longer strip of ice. Between scans 100 and 150, the lower half of the DPR swath is over
water, and the upper part is over ice. The kurtosis coefficient dependence corresponding
to the upper half is shown in the dashed line in Figure 4 and is located higher than the
dependence in the solid line for the water surface. This example exhibits the improvement
of resolution when the two swath halves are considered separately.

The value of γ2 for water surface is close to zero and slightly below zero, while for
Gaussian statistics, it equals zero. A possible reason is that this coefficient is calculated
using a limited range of incidence angles in discrete points. The value of γ2 over the sea
ice surface is much greater than zero and exhibits sharp spikes along the cut reaching
several hundred.
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Figure 3. NRCS distribution in the swath (top), SIC resampled to the DPR antenna footprints (middle),
lg(γ2 + 2) calculated for upper and lower halves of the swath (bottom). Dashed and solid grey lines
correspond to the incidence angles −3◦ and 3◦.

Figure 4. The cuts along the dashed and dotted lines for lg(γ2 + 2) (top), γ2 (middle), SIC (bottom).
Type of the line in the figure corresponds to the type of the line, defining the position of the cut in
Figure 3. Dashed line presents the cut along the upper half of the swath in Figure 3 for incidence angle
−3◦. Solid line presents the cut along the lower half of the swath in Figure 3 for incidence angle 3◦.
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3.2. Sea Ice Detection Method

The coefficient of kurtosis was calculated as described above for all the DPR data for
July 2018 at the latitudes south of 50°S using NRCS at incidence angles below 15◦.

In the present work for sea ice detection, only the areas corresponding to the central
part of the swath (incidence angles below 3◦) are considered. This part of the swath is
located between grey lines in Figure 3. The part of the swath is confined in such a way as
to study the performance of sea ice detection in the area where clustering based on NRCS
value from [7] exhibits weak results. Another reason is the limitation of resolution element
size along the scanning direction.

First, among the entire dataset, only the scans, totally located over water and totally
located over ice, were selected. It is performed to study the statistics of γ2 for simple cases
when only one type of underlying surface is presented. For these data, the histograms for
lg(γ2 + 2) are shown in Figure 5.

The maximum distribution for the water surface is at γ2 = −0.32, and for sea ice, the
maximum of the histogram is at γ2 = 4.9. The histogram for sea ice has a secondary peak
at γ2 = 636.

  

a

b

a

Figure 5. The histogram of lg(γ2 + 2) for half-scans, fully located over ice surface (a), fully located
over open-water surface (b).

In Figure 6, the entire dataset of γ2 for July 2018 around Antarctica is presented. In
this case, unlike the previous figure, the half-scans with different types of surfaces are also
contained in the dataset. From Figure 6, it follows that the two peaks are nevertheless well
separated. The thresholding method can be used for water-ice classification. In this paper,
the unsupervised method is considered. It means that the threshold is obtained using the
dataset of interest. Preliminary training is not required. The two options are considered.

The first option is to obtain the threshold using the unsupervised clustering method
K-means. The threshold, in this case, for γth1

2 equals to 2.89. The second option is to obtain
γ2 corresponding to the minimum between the two peaks of the histogram in Figure 6. In
this case, the threshold for γth2

2 equals to 0.69.
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Figure 6. The histogram of lg(γ2 + 2) for the entire dataset. Dashed line denotes the threshold
value γth2

2 .

The F-score metric was calculated to evaluate the efficiency of classification and choose
the optimal thresholding method.

F =
2TP

2TP + FP + FN
, (5)

where true positive ( TP ) refers to the number of samples accurately identified as ice, while
true negative (TN) is the number of samples accurately identified as water. False positive
(FP) represents the number of samples mistakenly labeled as ice, and false negative (FN) is
the number of samples mistakenly labeled as water. When we use the terms “accurately”
and “mistakenly”, we are referring to the SIC data as the ground truth.

In the case of γth1
2 , F = 0.88, while in the case of γth2

2 , F = 0.93. Thus, the second
option for selecting the threshold value of γ2 is preferred. The subsequent results are given
for this method.

To conclude, the classification of surface type includes the following steps:

1. Calculating the coefficient of kurtosis for each symmetrically complemented half of
the swath, the value of the coefficient is assigned to each element of the half-scan.

2. Unsupervised classification is performed. The histogram of γ2 for the entire dataset is
obtained. The minimum between the two highest peaks of the histogram corresponds
to the threshold value γth

2 , separating “ice” and “water” classes.

The elements with γ2 ≥ γth
2 are labeled as ice, the remaining elements with γ2 < γth

2
are labeled as water.

4. Results and Discussion

Classification of the sea surface type was performed as described above. High values
of the coefficient of kurtosis correspond to the flat surface. It can be an ice surface or a calm
sea. The dataset on wind speed was used to select the resolution elements with wind speed
below 3 m/s and to evaluate the number of false positives related to these conditions.

The results for the last week of July 2018 are presented in Figure 7. The resolution
elements correctly defined as ice are marked in blue, and the elements erroneously defined
as water are marked in yellow. The elements erroneously marked as ice at U10 > 3 m/s are
shown in magenta, and at low wind speed U10 ≤ 3 m/s are marked in green. Most of the
elements, erroneously marked as ice, located far from the ice edge in the ocean, correspond
to low wind speed cases. Ice cover with SIC ≥ 0.15 is shown in grey for July 27.

For this dataset, TP = 1.3 × 106, TN = 2.1 × 106, FN = 0.12 × 106, FP = 0.06 × 106,
and among these samples, FPlowU10 = 0.01 × 106 at U10 < 3 m/s.

The obvious drawback of the presented method for sea ice detection using DPR data
is the fact that measurements at different incidence angles are performed in a wide swath.
Thus, the single value of the coefficient of kurtosis characterizes a broad area where the type
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of the surface may vary. This method performs well at large ice fields and has problems
near the ice edge. Also, the data from the scans that cover the coast are neglected.

The advantage of the approach is that no precise calibration of the radar is required
according to Equation (A8), unlike the methods based on the value of NRCS [6,7]. In
the present work, unsupervised clustering was applied. It means that the method can be
adapted for different geographic areas and seasons.

The performance of the method was evaluated for the central part of the swath,
corresponding to the incidence angles below 3◦. The half of the central part of the scan,
with a constant coefficient of kurtosis, can be called the resolution element. Its size is 25 km
along the scanning direction and 5 km along the flight direction.

The performance of the algorithm is good, F-score = 0.93. While the unsupervised
method for ice detection in [7] performs worse for this part of the swath (F-score < 0.9).
Furthermore, the two approaches can be combined.

  

True positives False negatives False positives, 
wspd > 3 m/s

False positives, 
wspd < 3 m/s

Figure 7. The results of sea ice detection during the last week of July 2018. The whole dataset is
presented on the left, and the enlarged piece of the figure is shown on the right.

5. Conclusions

In the present work, a new method for sea ice detection using radar data at low
incidence angles was developed. The approach is focused on the dependence of NRCS
on incidence angle based on Ku-band DPR data. Within the frameworks of quasispecular
approximation, a method to calculate the coefficient of kurtosis for surface slopes probability
density function (PDF) was developed from the dependence of NRCS on incidence angle.
It was shown that this coefficient can serve as a parameter to differentiate between surfaces
with Gaussian slope statistics and flat surfaces. DPR data for July 2018 in the Antarctic area
were used.

The analysis revealed a distinct separation between the histograms of the coefficient of
kurtosis for ice-covered and open-water surfaces. Consequently, unsupervised clustering
was used to categorize the two surface types. Low values of the coefficient of kurtosis
correspond to a wavy water surface, and high values of kurtosis indicate ice-covered
regions. The threshold value of the coefficient of kurtosis is selected as a position of the
minimum between the two main peaks of the histogram. The case of a relatively flat water
surface, free of ice, is considered separately. It was shown that the fraction of such calm sea
regions where sea ice is erroneously detected is not large.

Sea ice concentration data obtained from AMSR-2 measurements were used as ground
truth. The performance of the algorithm was evaluated for the central part of the swath
for incidence angles below 3◦. In this area, sea ice detection based on the value of NRCS
from [7] suffers problems. The new approach revealed good performance for the considered
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dataset F-score equal to 0.93. Thus, the new approach can be used to complement the
sea ice detection method described in [7]. Moreover, the idea of using the information on
surface slope statistics can be applied to sea ice detection using SWIM radar data.
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Abbreviations
The following abbreviations are used in this manuscript:

AMSR-2 Advanced Microwave Scanning Radiometer 2
CFOSAT Chinese-French Oceanography Satellite
DPR Dual-Frequency Precipitation Radar
FN False Negative
FP False Positive
GANAL Japanese Global Analysis model data
GPM Global Precipitation Measurements
NRCS Normalized Radar Cross-Section
SIC Sea Ice Concentration
SWIM Sea Wave Investigation and Measurement
TN True Negative
TP True Positive

Appendix A

The equation for NRCS σ0 depending on the incidence angle θ is as follows:

σ0 = A cos−4(θ) · P(tan θ), (A1)

where P is slope PDF, A stands for |R2
e f f | for brevity. Statistical moments of PDF P, in

theory, are calculated as follows:

µk =

∞∫
−∞

(x − x)kP(x)dx (A2)

and x is the expected value of x

x =

∞∫
−∞

xP(x)dx. (A3)

From (A1), the slope PDF P(tan θ) is retrieved for each ith antenna beam

P(tan θi) =
σ0

i cos4(θi)

A
. (A4)

https://storm.pps.eosdis.nasa.gov
https://seaice.uni-bremen.de/databrowser
https://seaice.uni-bremen.de/databrowser
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Due to the fact that cumulative distribution function F(X) at +∞ equals to 1,

F(+∞) =

∞∫
−∞

P(tan θ)d(tan θ) = 1. (A5)

Measurements at incidence angles above 15◦ are not used. However, at such incidence
angles, σ0 takes low values, and integral from ± tan(15◦) to ±∞ can be neglected. Thus

tan(+15◦)∫
tan(−15◦)

P(tan θ)d(tan θ) ≈
N

∑
i=1

P(tan θi)∆(tan θi) ≈ 1. (A6)

If we consider the part of the scan for −15◦ ≲ θ ≲ 15◦, N = 41. From this equation,
the coefficient A is obtained.

A =
N

∑
i=1

σ0
i cos4(θi)∆(tan θi). (A7)

For each i, ∆(tan θi) = ∆θi cos−2(θi) is almost constant, thus from (A4) and (A7) the
equation for µk in a discrete form is

µk =
N

∑
i=1

(tan θi − tan θi)
kP(tan θi)∆(tan θi) =

=
N

∑
i=1

(tan θi − tan θi)
kσ0

i cos4(θi)

[
N

∑
i=1

σ0
i cos4(θi)

]−1

. (A8)
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