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ABSTRACT

This paper evaluates the performance of fully polarimet-
ric SAR data in iceberg detection and characterization.
The study aims to explore the potential of RADARSAT-
2 SAR data to detect icebergs and growlers in Svalbard
that have broken off from the glaciers nearby. To be able
to detect iceberg/growlers in a SAR image, a significant
contrast between iceberg and background clutter is re-
quired. The sublook cross-correlation magnitude (SCM)
is extracted from the complex cross-correlation between
subapeture images and contrast between iceberg and sea
clutter is measured. The results of target-to-clutter ratio
from the SCM indicate that the sublook analysis has an
impact on detection performance.
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1. INTRODUCTION

This paper investigates the potential improvement of ice-
berg detection and characterization using radar polarime-
try. The interest in tracking icebergs has a number of
reasons. The most obvious challenge is that they pose a
danger to ships and offshore structures. While there is a
great variety in iceberg shapes, sizes, and overall geome-
tries, all icebergs, especially small ones, i.e., growlers,
can present potential hazards to ships because they are
harder to spot [1, 2]. As one of the most promising areas
for future oil development, much attention has started to
turn to the Arctic. In the high Arctic sea, there are a num-
ber of icebergs floating or grounded in sea and/or sea ice,
which may cause tremendous damage to the undersea or
subsea pipelines and production facilities.

A number of satellite sensors have been used for mon-
itoring icebergs. The use of data from optical sensors
requires suitable cloud and light conditions. This re-
striction does not hold for synthetic aperture radar (SAR)
imagery and hence iceberg detection generally is an im-
portant application of SAR in polar regions. The poten-

tial of SAR remote sensing for iceberg detection depends
on the physical properties of the iceberg (such as size,
shape, and structure), on the orientation relative to the
radar-look direction, on the backscatter of the surround-
ing sea ice or open water, and also on the oceanic and
meteorological conditions. Many studies have demon-
strated the potential of SAR images in icebergs detection
and characterization, e.g., [3, 4]. This study is devoted to
the polarimetric SAR (PolSAR) sensor, which potentially
provides increased detection capability, as compared to
single-polarization SAR [2, 5]. Iceberg detection within
sea-ice has shown to be improved using computer-vision
techniques [2, 6]. However, under some oceanic and me-
teorological conditions, the automatic differentiation of
icebergs and sea ice is likely hindered due to a large over-
lap between their radar backscatters [2]. It was found in
[7] that the number of erroneous iceberg identifications
increases if the surrounding sea ice surface is rough or
deformed.

To be able to detect iceberg/growlers in a SAR image, a
significant contrast between iceberg and background clut-
ter is needed. In this study, target-to-clutter ratio (TCR)
is used to evaluate the contrast measures for different ice-
berg types and background classes (open water or sea
ice) for different polarization channels. In particular, this
study includes a refinement of detection capabilities of
data using subaperture processing [8]. The stability of
icebergs are tested with cross-correlating of the sublooks
from different azimuth angles. The main motivation of
using subband extratcion for the iceberg detection is that
open water or sea ice decorrelates likely faster than ice-
bergs with different dimensions and growlers. Therefore,
the sublook cross-correlation magnitude (SCM) [12] is
expected to provide a higher contrast between icebergs
and open water than ordinary single-look intensity im-
ages, and therefore these targets will express a relatively
high coherence.

The remainder of this paper is organized as follows.
Section 2 describes the test sites in Svalbard and
RADARSAT-2 data sets used for this study. Section 3
presents the theory of spectral analysis of polarimetric
SAR data. Experimental results of the contrast enhance-
ment from the SCM are given in Section 4 and conclu-
sions and future work in Section 5.



Figure 1. Location (red boxes) of two areas of interest.
Google Earth image.

2. DATA AND TEST SITES

The first area is located near Hopen, an island in the
southeastern part of the Svalbard archipelago. The Nor-
wegian Meteorological Institute’s manned weather sta-
tion at Hopen has observed a number of icebergs and
growlers. The satellite data was collected on July 31,
2015 by RADARSAT-2 operating in the C-band fine quad
polarization (quad-pol) mode with a pixel spacing of 4.7
m X 5.1 m in slant range and azimuth, respectively, and
a size of 2793 x 6066 pixels (approximately 15 km x
46 km, respectively). The image product is in the sin-
gle look complex (SLC) format. The near- and far-range
angles for this scene varies from 28.7° and 29.8°, respec-
tively. Fig. 1 shows the location of the RADARSAT-2
image labeled A for the area of interest on Google Earth.
A RGB composite image (red = HH green =HV, blue =
VV) of the PolSAR image is shown in Fig. 2. The map
also shows the 50 m water depth contour around Hopen.
In total, 10 icebergs were observed with a variety of di-
mensions (ranging between 30 m to 400 m in length) and
typology (e.g. large, small, pinnacled, tabular, domed,
etc). Fig. 3 shows the five photos of the icebergs taken
across the Hopen coast.

The second area is located in Kongsfjorden (Ny-Alesund,
Svalbard). The area around Ny-Alesund is an ideal
study area due to multiple processes in Kongsfjorden
and its relations with the tidewater glaciers Krone-
breen/Kongsbreen. In April and September 2015, UiT
- The Arctic University of Norway and Northern research
institute (Norut) conducted a combined satellite and ar-
ial photography campaign on Kongsfjorden in Svalbard.
The aim of this campaign was to collect satellite data
and near-coincident remotely piloted aircraft systems
(RPAS)/ unmanned aerial vehicle (UAV) photos. The
satellite data consists of a time series of RADARSAT-2
quad-pol fine-mode scenes for two periods in 17-20 April
and 23-27 September 2015 from both ascending and de-
scending orbits over a range of look angles from 25° to
46° (see Table 1). The placement of the satellite data
over Kongsfjorden is displaced in Fig. 4. RADARSAT-
2 data containing icebergs and growlers in open water
and/or sea ice background with different sea states are
evaluated with corresponding auxiliary data. As an ex-
ample of a RADARSAT-2 scene is illustrated in Fig. 6.
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Figure 2. RGB image of the SAR scene from 31 July,
2015.

Figure 3. Example of five icebergs in radar imagery. The
figure also shows photos of the icebergs seen from the
shore. Iceberg photos are courtesy of weather observing
team of Norwegian meteorological institute.

The Norut RPAS team conducted sea-ice, snow mapping,
and iceberg mapping mission in this area. The mission
was 90 km in length and took about 1 hour and 20 min-
utes (one photo every 2 seconds covering approximately
every 40 meter). The RPAS was instrumented with one
Canon EOS M camera and it was set to interval mode.
The blue line in Fig. 4 (left panel) shows the UAV-flight
track over this area with it enlargement in right panel.

Norut has also conducted a campaign in September 2015
in Kongsfjorden at the front of Kronebreen glacier, for ac-
quiring images from ground-based radar to measure and
monitor the dynamics of sea-ice, icebergs, and growlers.
Acquisitions were performed using the Gamma Portable
Interferometer (GPRI) at a range up to several kilome-
ters with a temporal resolution down to minute scales [9].
The ground-based radar acquire images every two min-
utes with a ground azimuth resolution of about 7 m and
a range resolution of less than 1 m. The GPRI data col-
lection was started on 24th September at 13:12 pm and
continued to 27th September at 15:29 pm in UTC. Fig. 5
illustrates an example of the GPRI intensity image at the



X UAV-flight track

Figure 4. The map shows the placement of RADARSAT-2 scenes over Kongsfjorden together with near real-time UAV
flight track (blue-line track) for mapping icebergs/growlers and sea ice.
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Figure 5. The map shows an example of the ground-based
radar intensity at the front of Kronebreen glacier, where
calving of icebergs and growlers occur.

frontal glacier.

These near real-time auxiliary data from the UAV pho-
tography and imaging ground-based radar are used to vi-
sually identify any actual icebergs and growlers and be
used as ground truth in the evaluation study described be-
low. Fig. 7 shows a Pauli RGB image of RADARSAR-2
scene captured on 27th September at the early morning
and simultaneous the UAV snapshot and GPRI intensity
image.

3. SPECTRAL ANALYSIS FOR ICEBERG DE-
TECTION

The aim of this paper is also to investigate iceberg detec-
tion based on spectral analysis of PoOISAR images. The

Table 1. Details of fine quad-pol RADARSAT-2 data for
area B

Time Date Beam Look Angle Orbit

05:58:08 2015-04-17 FQ27 45.3°-46.5° Des.
07:09:09 2015-04-18 FQ6  24.6°-26.4° Des.
06:39:56  2015-04-19 FQ14 33.5°-35.1° Des.
16:38:28 2015-04-19 FQ30 47.6°-48.8° Asc.
06:10:41 2015-04-20 FQ23 42.0° -43.3° Des.

15:19:00 2015-09-23 FQ7 25.8°-27.8° Asc.
16:00:45 2015-09-25 FQ19 38.4°-39.8° Asc.
07:13:15 2015-09-26  FQS5  23.4°-25.2° Des.
06:44:03 2015-09-27 FQ13 32.4°-34.1° Des.
16:42:35 2015-09-27 FQ31 48.4°-49.5° Asc.
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Figure 6. An example of Pauli RGB image of the SAR
scene from 20 April, 2015 with icebergs floating in mixed
background (open water and sea ice).

motivation is that icebergs with different dimensions and
growlers are expected to have a spectral response that is
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Figure 7. Pauli RGB image of the SAR scene from 27
September, 2015 with the simultaneous GPRI intensity
(top) and RPAS (bottom) images. RPAS image with 300 m
swath and 5 cm resolution captured from 300 m altitude,
RS-2 fine quad-pol image with 7 m resolution and 25 km
swath width, and GPRI image with 2.5 km swath and 1 m
and 7 m resolution in range and azimuth, respectively.

more stable as compared to surrounding sea ice or open
water over the time span separating the acquisition of the
subapertures, and therefore they will show a relatively
high coherence. We want to then show if the spectral
analysis can help to detect icebergs and growlers when
their contrast with respect to open water or sea ice is low.

Figure 8. Example of two generic sublooks at different

central frequencies (A f. = f,gm — fc(n) < Bs).

The SLC data is first converted to the frequency domain
by a fast Fourier transform (FFT) in the azimuth direc-
tion. Then the azimuth antenna pattern is removed from
the original spectrum to get the unweighted spectrum,
which is flat in the ideal case. Finally, to extract sublooks,

the flat spectrum is multiplied by a rectangular weighing
function to select different portions of the flat spectrum
at different central frequencies and then computing its in-
verse Fourier transform [8, 10].

Let N, be the number of azimuth sublooks with central

frequencies fé"), forn =1,---, N,. , and equal band-
widths By .
B B, -1
[ =S+ T (BB, ()

2 2 N-1
where B and Bj are the full and sublook bandwidths,
respectively, and fén) is the central frequency of the
sublook n. To obtain independent sublooks, B; = B/N
[10]. The correlation among clutter samples depends on
the portion of the overlapping sublook bandwidth, de-
noted B, with respect to the total available azimuth band-
width B as [10].

e —r]
[M] _ 1-— B. s if Afc < By (2)
o 0 otherwise
for n,m = 1,---,N. The time separation between

sublooks at central frequencies of fc(m) and fc(") is given
as [11]
AR(FE™ — £E)
— (m) _pn) _

AT =T, " = @) 3)
As AT increases, the overlapping area of subapertures
decreases and open water starts to decorrelate, while a
stable targets should remain coherent over the time sep-
arating the acquisition of the subapertures. We want to
study the effect of splitting the bandwidth into two az-
imuth subapertures with respect to varying time separa-
tion between sublooks. The complex scattering vector of
the extracted sublooks at different central frequencies for
each pixel is given as:

S=[5 S - Sn|. 4)

The cross-correlation between two sublooks at different
central frequencies is calculated as [8]

Pnm =< Sn : S:n >, (5)

where p.,,, is named in [8] as internal Hermitian product
(IHP), * means the complex conjugate, S,, and S,,, are
the complex scattering coefficients associated with the
two generic subapertures extracted for a given pixel, (-)
indicates spatial sample averaging. The multilook com-
plex (MLC) covariance matrix of the subaperture com-
plex scattering vectors from different view (azimuth or
range) angles is computed as

1 L
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Figure 9. Sea states observed in co-polarized channels.

Figure 10. Intensities corresponding to the pauli decom-
position, surface scattering (left), double-bounce scatter-
ing(middle), and volume scattering (right) for the RGB
image in Fig. 2.

where L is the number of pixels for spatial averaging
and (-)¥ denotes the Hermitian transposition operator.
The diagonal elements are the multilook intensities of the
sublooks and off-diagonal element are cross-correlation
between sublooks with varying time separation. Each
pixel in the MLC covariance matrix of the sublooks is
a realization of the N x N stochastic matrix variable de-
noted as P. We take the SCM as |ppm| = |P(n,m)| =
| < S, - Sy, > | from each element of P to use in deter-
mining the contrast measure between iceberg and back-
ground clutter. For this study, the target-to-clutter ratio
(TCR), is used for contrast measures as the ratio of the
mean value of the target-only return to the mean value of
the clutter-only return in decibel.

4. EXPERIMENTAL RESULTS

To detect icebergs within RADARSAT-2 imagery, the
backscatter caused by icebergs must be distinguishable
from the ocean clutter. There are several factors that af-
fect the radar backscatter over ocean in radar imagery,
most notably sea state, radar look direction, and polar-
ization state. Generally, higher wind increases the ocean
surface roughness and thus radar backscatter (see Fig. 9)
and this leads to reduction in the contrast between back-
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Figure 11. Power spectrum, azimuth antenna pattern and
flattened spectrum for HH (top panel) and HV (bottom
panel) channels. The total processed bandwidth B is 900
Hz.

ground clutter and icebergs. For both co-polarization
channels, TCR then decreases with wind speed and wave
height. The look angle of the radar will also affect the
ocean clutter. As the look angle decreases, the mean sea
clutter increases. This effect result in a reduction of the
contrast between ocean clutter and icebergs/growlers.

The backscatter values over ocean clutter are expected
to be higher for co-polarized channels, while the VH
and HV signal is often hidden below the noise floor.
The radar backscatter from icebergs/growlers arises dom-
inantly from volume scattering due to the low absorption
of the glacial ice allowing considerable penetration of the
radar energy into the iceberg volume [3]. It is worth men-
tioning that depolarization can be made not only by the
iceberg volume but also by the orientation of the icebergs
with respect to the radar-look direction. Fig. 10 illustrates
the components of Pauli decomposition corresponding to
the surface (HH+VV), double bounce (HH-VV), and vol-
ume scattering (HV). By the dominant volume scattering
for the icebergs and weak backscattering over ocean for
the HV channel, it is easy to see that the potential of the
HV channel for the iceberg detection ought to be supe-
rior compared to the co-pol channels. Table 2 presents
the results of TCR values for the different polarimetric
channels for Hopen scene. As expected, the HV channel
yields the best TCR among all polarization channels, at
least for the 10 icebergs studies here.

The spectral analysis of SAR data for iceberg detection
is used to investigate the impact of the sublook extraction
on detection performance. The three polarimetric chan-
nels HH, HV, and VH are analyzed separately. The fol-
lowing steps are followed to extract sublooks from the
SLC data. In this paper, we confine ourselves to the sub-



Table 2. TCR for the icebergs indicated in Fig. 2 for different polarimetric channels.

Channel B1 B2 B3 B4 B5S B6 B7 B8 B9 BIO
HH 853 576 797 1200 862 859 628 579 507 3.85
HV 5224 39.11 20.78 2476 51.02 3198 3242 15.65 1571 11.1
\'AY% 596 470 506 1044 729 698 566 4.33 3.86 3.48
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Figure 12. TCR versus time separation between sublooks. SCM with a subaperture bandwidth of Bs = 0.5 x B compared
to MLI for the four icebergs indicated in Fig. 2 in three polarimetric channels.

band extraction from the azimuth spectrum. The SLC
data is first converted to the frequency domain by a FFT
in the azimuth direction and averaged out to obtain the az-
imuth power spectrum. The blue curves in Fig. 11 show
such spectrum for HH (top panel) and HV (bottom panel)
channels. The Kaiser weighting function has been used

for a better side-lobe suppression for both range and az-
imuth spectral weighting as a part of the RADARSAT-2
SAR processor. An azimuth bandwidth reduction is also
done with a modified Kaiser weighting function which is
referred here as a the total available azimuth bandwidth
B. The Earth’s rotation causes the systematic variations
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Figure 13. Matrix plot of the SCMs for a zoomed area in Fig. 6 containing icebergs in a mixed background.
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Figure 14. Top panel: RADARSAT-2 intensity image
(left) together with the simultaneous GPRI intensity im-
age (right). Bottom panel: TCR versus time separation
between sublooks in different polarimetric channels.

of the Doppler centroid in satellite attitude as a function
of time. The doppler centroid, fy., is shifted to zero az-
imuth frequency, fy to compensate for this effect [12].
The original spectrum is finally shifted around the peak
of the Kaiser weighting function to get highest correlation
coefficient between the two spectra. The azimuth antenna
pattern is removed from the shifted original spectrum
to obtain the unweighted and flattened spectrum (black
spectra in Fig. 11). The sublooks with a bandwidth of

Bs = 0.5 x B at different central frequencies are now
extracted from the flattened spectrum and are transferred
back to the spatial domain by the inverse Fourier trans-
form.

The sublook cross-correlations are computed for each
pair of sublooks with different time separations, defined
as AT in (3). Hence, it ranges from 0 to 0.19 seconds,
where the subapertures overlap goes from 100% to 0%.
We finally compare the multilook intensity (MLI) and
SCM with respect to measures of the contrast between
the icebergs and the surrounding background. In partic-
ular, we investigate the contrast measures by the TCR
as a function of time separations between sublooks as
discussed above. The degree of contrast enhancement
between sublooks produced by partially overlapped sub-
apertures is shown in Fig. 12 for some icebergs marked in
Fig. 2. For each polarization channel, the largest peak in-
dicates maximum contrast enhancement and accordingly
the optimal azimuth subaperture separation. HV polar-
ization has the highest TCR in all cases. For AT = 0,
a reduced TCR for all polarimetric channels is achieved
for the SCM compared to the MLI, as expected. As AT
increases, TCR increases in most cases. As seen in Fig.
12 (first row), from some point of the TCR curve for the
SCM in HV channel, it starts to decrease again. This
is likely due to the multiple reflections from two differ-
ent azimuth angles or different orientation angle of the
iceberg relative to the radar look view. The interpreta-
tion of the TCR results gets complicated if icebergs drift
throughout the illumination time. If the dominant scat-
tering mechanism is a single-bounce or double-bounce
scattering, the phase difference of the sublooks may have
a deterministic form, and the sublooks are correlated.
However, in practice, multiple reflections from various
parts of the icebergs, specially large ones, contribute to
the radar backscatter, so that even for a small difference



in azimuth look angle, the phases of received signal tend
to be random and uncorrelated between subapertures.

We have extracted sublooks from the Kongsfjorden data
to test whether the icebergs within mixed background
(open water and sea ice) remain more coherent than back-
ground area and therefore we can achieve an enhanced
contrast from the SCM. We show the results that are fo-
cused on a zoomed area in Fig. 6 with floating icebergs,
marked with green circles, in a mixed background. Fig.
13 shows the plot matrix of the SCMs, i.e., |P(n,m)]
matrix with 3 number of sublooks and By, = 0.5 x B. As
AT from py; (the multilook intensity of the sublook .Sy)
increases to p;3, the background clutter seems to be sup-
pressed. Specially, the sea ice area marked with a red el-
lipse is likely suppressed which introduces faster decorre-
lation time than icebergs, but this needs to be further anal-
ysed. We identified a grounded iceberg in RADARSAT-2
image shown in Fig. 14 (top panel, left) that is also visi-
ble in the near real-time GPRI intensity image (top panel,
right). We use this iceberg for testing again its stability
with respect to the background clutter. The plot of TCR
versus AT in Fig. 14 (bottom panel) indicates again the
contrast enhancement for all polarimetric channels.

5. CONCLUSIONS AND FUTURE WORK

This paper showed the potential improvement of iceberg
detection using spectral analysis of polarimetric SAR
data, The stability of icebergs/growlers was tested by
cross-correlating sublooks with different azimuth angles
in two different cases: 1) open water only and 2) open
water and sea ice. It was shown that the enhancement
of iceberg-open water/sea ice contrast is obtained us-
ing the sublook cross-correlation magnitude. However,
the sublook analysis gets complicated if icebergs drift
throughout the illumination time. Higher sea states re-
duces the contrast between background and icebergs and
the subaperture bandwidth might be reduced in such con-
ditions to avoid decorrelation of the icebergs.

The future work will be focusing on statistical models
for the SCM and also testing other test statistics than
the SCM for iceberg detection. Statistical modeling of
the test statistics to threshold icebergs from non-icebergs
helps us to derive the iceberg statistics, e.g., iceberg size.
We want to then investigate the detection limit of the
spaceborn radar polarimetry compared to the ground-
based radar imagery and UAV photography.
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