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Abstract—In polar regions, coastal polynyas are key drivers
for climate since they represent the primary source of ice mass
production and oceanic circulation. In this study, multipolarization
C-band synthetic aperture radar (SAR) measurements acquired by
the Radarsat-2 satellite mission are exploited to observe the Terra
Nova Bay (TNB) coastal polynya in the Ross Sea, Antarctica. In-
coherent and coherent features, extracted from dual-polarimetric
SAR measurements, are used to characterize the TNB coastal
polynya under different environmental conditions. The analysis
is also supported, when available, by independent optical remote
sensing information collected by the thermal infrared channels of
the moderate resolution imaging spectroradiometer and by ancil-
lary on-site information about wind and air temperature collected
by automatic weather stations. Experimental results show that the
SAR plays a key role in providing information about the TNB
polynya thanks to its fine spatial resolution and its almost continu-
ous imaging capabilities. In addition, dual-polarimetric SAR offers
unprecedented opportunities with respect to single-polarization
SAR in performing accurate and unsupervised classification of the
area within the polynya. Hence, a more accurate estimation of the
polynya extent and the fractional area coverage of sea water within
the polynyas obtained.

Index Terms—Synthetic aperture radar (SAR), polarimetry,
coastal polynya, Terra Nova Bay (TNB), sea ice.
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OASTAL or latent heat polynyas are persistent and large
C open water areas (typically 100-500 km alongshore by
10-100 km offshore) that—mostly in polar regions—extend
from the continental ice appearing as holes in the surrounding
sea icg1]. Antarctic coastal polynyas are often forced, during
the winter season, by strong and cold katabatic winds that,
influenced by the local topography, blow seaward pushing the
pack ice offshore. Open sea water exposed to cold winds results
in a fast formation of new thin ice that, at once, is pushed far
from the coast as it forms. Katabatic winds prevent sea ice from
consolidating as a thick pack, facilitating the continuous polynya
formation, and opening by leaving the relatively warm open
water exposed to the cold atmosph§g The ice formation
and transportation in coastal polynyas is ruled by the Langmuir
circulation resulting from the wave-wind stress interac{ibh
When the newly formed sea ice is pushed away from the coast,
i.e., during the opening phase of the polynya, a mixture of sea
water and frazil, grease and pancake ice, also termed as active
frazil, aligns as ice streaks parallel to the wind direc{@in[4],

[5]. According to wind field and sea state conditions, different
sea-ice types may form and accumulate along the edges of
coastal polynyas.

The presence/absence of sea ice in coastal polynyas is
gxtremely relevant for both physical and ecological aspects.
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$hck ice[7]. In addition, the presence and evolution of sea-ice

cover represents one of the largest seasonal changes on the
planet. Hence, since coastal polynyas are sea-ice production
es, knowledge about sea-ice extent within the polynya pro-
ides essential information on the salt fluxes associated with ice
formation that assist convection phenomena and modulate the

ig]lobal ocean overturning proces$ék

1430 Antarctica, coastal polynyas are one of the primary sea-
ice mass production (it was estimated that about 10% of the
‘Southern Ocean sea ice comes from the main Antarctic coastal

I|[:)0Iynyas[8]) and, therefore, they play a key role in the formation
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ceanic circulation of the southern hemisph@ie [10], [11].
8oastal polynyas monitoring is of paramount interest to bet-
ter understanding—among others—the ocean—ice—atmosphere
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interactions and to study the Southern Ocean overturning aiange[25]. During winter, very frequent short-term (2-5 days)
culation due to the densest ocean water mass, i.e., the AABMynya events alternate with less frequent longer ones (10-15
formation[2],[12],[13]. Nevertheless, harsh conditions and limelays). Nevertheless, in response to quick changes of katabatic
ited solar illumination make Antarctica coastal regions mostlyinds, the dynamic of a single polynya event can be even shorter
inaccessible places. Thus, satellite remote sensing representhian 24 hours. It was also shown that the TNB polynya growing
essential and irreplaceable tool to get information on Antarcténd closing rates are significantly different: slower growing
coastal polynya$l4]. Optical sensors, especially those operates, i.e., 50-80 k#h (even if they can reach up to 300 kitn
ating in the thermal infrared and visible frequency range of tttiring strong gusts), correspond to faster closing rates, i.e.,
electromagnetic spectrum, are commonly used to guarantee fih#®9—150 kr/h [27].

resolution (in the order of hundreds of meters) observations withTo the best of our knowledge, only few studies addressed the
a “potentially” dense enough revisit tinjg5], [16]. However, observation of TNB polynya by means of SAR imagghy],
solar illumination and cloud coverage may severely limit thR7], [28], [29]. In all the studies, the polynya boundaries are
availability of such measurements and, therefore, degrade thraanually extracted, with the exception of the automatic image
effective revisit time. Nowadays, passive microwave radiomprocessing algorithm based on anisotropic filtering and Markov
tersrepresentthe reference satellite sensors to get informatiomamdom fields which is applied to fine-resolution (15 m) X-band
polynyas in Antarcticg5], [8], [10], [17], [18], [19], [20], [21]. SAR scenes under open polynya conditiond2f]. In [14],
They provide all-weather and all-day large-scale observationsnbderate-resolution (100-150 m) L- and C-band SAR data are
polynyas with a very dense temporal sampling and, therefotesed, together with a multisensor satellite dataset, to monitor
they are routinely used to obtain added-value products as the polynya variability. They pointed out the benefits offered
polynya extent and the sea-ice thickness, production and condey-a synergistic multisource approach, including the ones pro-
tration. The special sensor microwave/imager (SSM/I) and thigled by very frequent fine resolution SAR observations. Those
advanced microwave scanning radiometer for EOS (AMSR-Bjitcomes were confirmed [28], where they also found that
have been extensively used to monitor the most significamind speed is one of the main driving factor affecting polynya
coastal polynyas in Antarctica, including the ones located dynamics. In[27], moderate-to-fine resolution (150-5 m)
the Terra Nova Bay (TNB), Ross S§4, [8], [10], [19], [20]. C- and X-band SAR data are enriched with ice surface tem-
According to the microwave radiometer observations, the TNierature (IST) obtained from thermal infrared sensors to get
polynya calls for an average frazil ice area of about 90@ knspatio-temporal information on the polynya variability under
[5] and an average annual sea-ice global production of abgubwing and closing conditions. The COSMO-SkyMed con-
56 km?® [10]. However, the coarser radiometer spatial resolutiostellation revisit time is dense enough to observe fast changes
in the order of tens of kilometers, significantly limits its abilityin the polynya patterns. In addition, the fine spatial resolution
to provide finer spatial resolution details about the polynya andl SAR imagery emphasized the presence, during the growing
results in contamination effects on the polynya edges (e.qg., sigphbse, of frazil ice streaks spaced fren800-800 m that tend
mixtures of land and open water or thin and pack ice). to accumulate along the surrounding sea-ice edge.

Within this framework, the synthetic aperture radar (SAR), In this study, the benefits of multipolarization SAR mea-
i.e., a fine spatial resolution imaging radar, can provide complairements to observe the TNB polynya are discussed using a
mentary fine spatial resolution details. In addition, polarimetratataset of dual-polarimetric (DP) HH+HV (horizontal trans-
SAR imaging modes are routinely available which, althoughit/horizontal receive and horizontal transmit/vertical receive,
have been shown to provide unique benefits in several appéspectively) C-band Radarsat-2 (RS-2) SAR measurements.
cations including cryosphere, have never been used to extr@oherent and incoherent polarimetric features extracted from
information about coastal polynyas. DP SAR measurements are used to provide scattering-based

In this study, we focus on the TNB polynya in the Ross Semformation about the TNB coastal polynya under different con-
since it hosts one of the largest and most persistent coastiions. Experimental results point out that coherent polarimetric
polynyas in Antarctica that, during winter, are about 1000eatures provide additional information that can be used to:
1300 kn? large, on averagf?], [22], [23]. The TNB extends 1) better distinguish ice-infested areas within the open polynya;
from the Drygalski ice tongue southward to Cape Washingt@) quantify the amount of sea ice within the sea water polynya
northward, hosting two of the main Antarctica permanent rarea during the largest sea-ice production activity period;
search stations, the Italian Mario Zucchelli, and the Korean JaBpbetter estimate of the polynya extent and the fractional area
Bogo (see Figl). The TNB is almost completely covered bycoverage of sea water in a very effective and unsupervised
sea ice during the winter season from March to October, whileay, under different polynya conditions. This means that SAR
the higher temperature during the summer season makes itpoéarimetric modes offer unique benefits with respect to the
free[24]. The joint effects of strong and persistent katabatic cokingle-polarization counterpart to improve the understanding of
winds, i.e., at least 20—25 m/s for at least 12 h, that blow up tiee complex polynya environment.

50 m/sfromthe Nansenice sheettoward the open ocean, togethihe rest of this article is organized as follows. A primer on
with the upwelling of warm ocean water and the DrygalskbAR polarimetry is provided in Sectioh, and the dataset is
ice tongue blocking action, generate and sustain the openprgsented in Sectioll, while experimental results are shown
and growing of the polyny#25], [26]. The morphology, i.e., and discussed in Sectid¥ . Finally, SectionvV concludes this
extent and shape, of the TNB polynya varies on a short tempoaaticle.
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Fig. 1. Study area: Terra Nova Bay (adapted fii@2i). The location of “Manuela” and “Eneide” automatic weather stations (AWSs) are also marked as a gray
circle and a black triangle, respectively.

II. PRIMER ON SAR FOLARIMETRY of scattering information that can be extracted from actual data

The polarimetric SAR measures, for each resolution cell, t;%a way that depends on the particular applica{al, [31],

scattering matrix of the observed scene. Among the differ . . . . .
g g él’o provide a physical understanding of polarimetric SAR

polarimetric imaging modes, DP represents a good compromis N d-order d it ded. A
between hardware complexity and amount of scattering inf easurements, second-order descriptors are needed. Among

mation. It typically consists of transmitting a single Iinearl;ée Ia_tt_er, the covariance matn)_(,_ €., a (_:or_nplex-valued 2
polarized (horizontal - H, or vertical - V) electromagnetic wav ermitian and semidefinite positive matrix is often ue2|
while receiving, coherently, under the orthogonal H-V polar-

ization basis. DP SAR systems do not measure the complete (

scattering matrix as in the fully polarimetric case and, therefore, ¢ —
the partial nature of DP SAR measurements limits the amount

Ca Co (SeySie)  (SaySiy)
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where(-) stands for ensemble average, the superstrptans for both land and sea applicatiof#9], [40], [41]. The rationale
complex conjugate and eadhy;, with {7, j} €{H,V}, istermed consists of partitioning the so-calléft-a plane into regions that

as scattering amplitude. The DP covariance matrix allovesimit a physical scattering interpretation. For instanc§3&j
extracting several features associated with the backscatter@ght regions are defined that span from quasi-deterministic
properties of the observed scene that can be grouped into Bnagg surface scattering (i.€, < 0.5 andx < 42°) up torandom
coherent and coherent features. The former include the co- artlme scattering.

cross-polarized normalized radar cross sections (NRCSs) andhe interpretation of the regions in terms of physical scat-

the total backscattered power, namely, the SPAN tering mechanisms is only possible when full-polarimetric
SAR measurements are available. In this study, DP SAR mea-

7% = Cu = (|5l 03, = Co2 = (50 ) lable; i ficat
za 11 zal /s Yy 22 zy surements are available; therefore, a suboptimal classification
SPAN= Cy; + Cay = 00, + ng ) scheme can be implemented which does not allow a straightfor-

ward interpretation of the classes in terms of physical scattering
When dealing with DP coherent features, a typical approaofechanismg30], [31], [32]. However, since the ice-free and
consists of exploiting the spectral properties of the covariane-infested scattering are expected to be well-distinguishable
matrix through the eigen-decomposition that provides two child the polarimetric space, it is worth expecting that they will be
parameters, namely, the polarimetric entrdpynd mean scat- classified into different regions by the Wishart classifier.
tering anglex [33]

A Iy Ill. DATASET

2

0<H=- 21 A+ Ao logy A+ Ao =1 The SAR dataset consists of three C-band RS-2 single-look
‘ complex (SLC) high-quality (low noise equivalent sigma zero)
SAR scenes collected in descending pass in HH-HV DP wide
fine imaging mode and covering different polynya conditions.
The first SAR scene was collected at the end of Antarctica winter
In (3), .1 and X, are the real and nonnegative eigenvalues stason, on September 15, 2014, where the TNB polynya is at
C satisfyingh; > Ao > 0, u; is the first, complex orthogonal its maximum, i.e., it calls for a large ice-free area along with
eigenvector ofC. H, bounded in the range [0, 1], is relateda significant sea-ice production and an increased salinity in the
to the degree of randomness of the polarization state of twater columr11]. The second SAR scene was collected at the
backscattered wave, witH values close to @1) referring to end of summer season, on March 2, 2015, where a “partial”
fully polarized (completely depolarized) backscattered wavgslynya activity can be observed, i.e., the polynya is still active
The mean scattering angfe bounded in the range {090°], butthe TNB is only partially ice-free and the salinity in the water
represents the average phase related to the scattering mecblimn is decreasinfl1]. The third SAR scene was collected
nisms represented by the eigenvectors, witlalues close to0 during Antarctica summer season, on February 6, 2016, when
(90°) being associated with single-reflection (double-reflectiothe area of interest is almost ice-free and, therefore, no polynya
surface scattering mechanisms, wihilealues close to 45efer can be observed. Each SAR image covers a wide area of about
to multiple-reflection volume scattering. 165 x 165 km with a spatial resolution of 4.7 m 5.4 (range

To describe the main scattering mechanisms occurring withinazimuth) and is collected under an incidence angle that spans
the polynya, two different scenarios must be accounted fdrom 19 to 31°. Excerpts of SAR scenes including the TNB
sea-ice-free and sea-ice-infested water. In the former one, toastal region, observed at an incidence angle of aboyt 25
sea surface scattering mechanism is well described by #ire considered that cover an area of abouk4Bs km. Those
Bragg/tilted-Bragg model that results in a quasi-deterministiexcerpts were radiometrically calibrated, georeferenced, and
i.e., low entropy and low mean scattering angle, polarimetnqrocessed to get a pixel spacing of 11.646.40 m (rangex
scattering34], [35]. In the sea-ice-infested scenario, completelgzimuth). In addition, the images were speckle filtered, using a
different polarimetric scattering properties are expected duego 5 sliding window, to improve the estimation of polarimetric
the different dielectric and roughness properties that chardeatures. The corresponding multipolarization NRCS graytones
terize ice-infested areas. The latter exhibit a large variabilitpnages, are shown in Fig, which is arranged in a matrix format
according to thickness, roughness, and composition (water valere columns refer to the different polarimetric channels (i.e.,
ume fraction, snow/brine layer, etc.) of sea ice. Although thdH and HV), while rows refer to the different acquisition dates.
characterization of polarimetric scattering from sea ice is a velote that decibel (dB) unit is used. The observed area includes
nontrivial tasi{36], [37], for the purpose of this study, itis worththe TNB polynya, the land ice (see the continental ice shelf east-
noting that sea-ice-free polarimetric scattering is expected toward), the Drygalski ice tongue (southward), and different types
well-distinguishable from the ice-infested one due to the largd sea ice. When available, independent satellite remote sensing
amount of depolarization and multiple interactions resultingformation, i.e., space and time collocated optical imagery
from the complex ice environment. Hence, in case of sea i@gquired by the Aqua MODIS mission at 1-km spatial resolution,
largeH anda values are to be expected. Following this rational@re used for reference purposes. The cloud-free thermal MODIS
the H anda parameters are here used to classify the polynymagery within 12 h from the SAR acquisition, are used to obtain
using the Wishart classifier, which has been successfully ud&d information onthe TNB area, from which the polynya extent

2
0°<a= Z Ai coS (‘ul(z)|)71 < 90°. 3)
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Fig. 2. Multipolarization NRCS graytones images, in dB scale, relevant to the TNB polynya. Rows refer to the different acquisition dates: (@migrIepn
2014, (c)—(d) March 2, 2015, and (e)—(f) February 6, 2016; while columns refer to the different polarization channels: (a), (c) and (e) HH arah¢kx) (d)/.

and its actual condition, i.e., opening/closing, can be estimatethnnels (the bands 31 and 32 call for central wavelength of
according to the method developed [RB]. For the sake of 11 and 12um, respectively) can be converted to brightness
completeness, the three collocated MODIS images are showmemperatures by inverting the Planck’s function. Then, IST
Fig. 3, which is arranged in a matrix format where rows refer tealues can be evaluated using the split-window method and
the three SAR acquisition dates while columns refer to the emigeluding the regression coefficient set for Antarctji2a]. As

sivity channels 31 and 32 and to the IST obtained, as suggestadwn in Fig.3, brighter areas meaning warmer regions in the
in [25]. In fact, calibrated radiance data from MODIS infraredNB are observed in the emissivity channel images relevant
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Ancillary optical information from MODIS. Rows refer to images collected on September 15, 2014, March 2, 2015 and February 6, 2016; wile colum

rFeI?ér3f0 the emissivity channels 31 and 32, and to the IST estimated accord®ij.to
TABLE |
SARAND ANCILLARY DATASETS
SAR RS-2
Frequency C-band (5.4 GHz)
Imaging mode DP HH+HV
Nominal noise equivalent sigma zero (dB) -35
Incidence angle (°) 19 - 31
Orbit pass Descending
Acquisition time (UTC) 15:48
Area coverage (km) 165 x 165
Spatial resolution, range X azimuth (m) 4.7 x 5.4
Manuela/Eneide
Automatic weather station SAR image SAR image SAR image
September 15, 2014 March 2, 2015 February 6, 2016
Air temperature at 16:00 UTC (°C) -17.4/-17.5 -18.3/-12.8 -5.1/-6.4
Wind speed (m/s) 25.2/2.0 25.1/17.0 10.0/8.7
Wind direction W/WSW W/WNW W/WNW
MODIS image Cloud-free (13:00 UTC) Cloudy Cloud-free (4:15 UTC)
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Fig. 4. Excerpts of (a) the HH and (b) the HV SAR imagery collected on September 15, 2014. In panel (a), the morphological features are annotated togethe
with the sea water and sea-ice ROIls shown as blue and red boxes, respectively. In addition, land ice is masked out in white and a green arrow is thged to show

AWS wind direction averaged over 12 hours. An enlarged version of the area that includes the polynya, imaged using the HH and HV channels, is displayed i

panels (c) and (d), respectively.

to September 15, 2014 [panels (a) and (b)] and March 2, 20a5ger than 17 m/s, and low air temperature, i.e., beldg °C,

[panels (d) and (e)], witnessing an ice-free conditions, while thiser the study area. The SAR imagery of R¢e)(f) show the

is no longer the case for the acquisition relevant to Februarya@ea in summer time and, as expected, no polynya is present. At

2016. the SAR acquisition time, a moderate wind regime applied, i.e.,
In addition to optical imagery, ancillary on-site informatiorabout 9 m/s, and an air temperature abe¥ C was recorded.

is also collected from the automatic weather stations (AWSNpnetheless, it is important to stress that coastal polynyas are

placed in the study area, i.e., “Manuela” (BB’ 45.6” S, 163 memory-systems whose actual status depends also on the meto-

41' 13.2" E) and “Eneide” (7441’ 45" S, 164 5’ 32" E), see cean conditions of the previous 1211]. To summarize, all the

Fig. 1. Those AWSSs, placed at 78 and 91 m above sea leviety information on the dataset is listed in Tahle

respectively, are about 30 km far away from each other and

provide routinely measurements of atmospheric pressure, air

temperature, relative humidity, and wind vector on an hourly

basis. The most important AWS parameters to characterize thén this section, the TNB polynya is analyzed using the SAR

TNB polynya at the SAR acquisition time are listed in Table dataset and the features described in SectibasdIll. The

It is worth noting that the two AWSs result in different paramvisual inspection of the SAR scenes showed that the polynya

eter values that suggest a significant spatial variability of tlie a very complex environment whose signature in the SAR

environmental conditions in the area of interest. imagery changes according to both metocean conditions and
The visual inspection of SAR imagery, supported by colldhe polarimetric channel. The shape of the polynya can be very

cated IST and AWSs information, suggests the following comvell structured, as in the case of F@(a), or it can be hardly

siderations. The SAR imagery of F@fa){(d) show a polynyain recognized, as in the case of F&{c).

its opening phase that results in the formation of frazil ice. This The first experiment refers to the HH- and HV-polarized SAR

is also confirmed by the recorded high winds, i.e., wind speé@dagery collected on September 15, 2014, see #g) and

IV. EXPERIMENTS AND DISCUSSION
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TABLE Il
MEAN AND STANDARD DEVIATION VALUES OF THE FEATURESEVALUATED, FOR EACH SAR IMAGE, OVER THE SELECTED ROIS SHOWN IN FIG. 2
Incoherent features Coherent features
SAR image ROI UI(-)IH (dB) G’g\, (dB) SPAN (dB) BHH B]—[V BSPAN H a (O) BH B&
Sea water -4.00 £ 0.94 -20.00 £ 1.18 -3.88 4+ 0.90 0.15 £ 0.04 440 £+ 147
15/9/2014 1.97 2.99 1.97 4.95 5.54
Sea ice -6.05 4+ 1.43 -17.00 £ 1.53 -5.71 £+ 1.38 0.36 £ 0.09 10.40 + 3.26
2/3/2015 Sea water -3.24 £+ 0.81 -20.48 4+ 1.20 -3.16 4+ 0.80 - - - 0.13 £ 0.03 3.52 + 1.20 - -
6/2/2016 Sea water -5.74 £ 1.24 -22.03 £ 1.15 -5.63 £ 1.21 - - - 0.15 £ 0.03 435 £ 1.02 - -

Bhattacharyya distances between sea water and sea-ice pdfs are also listed for each feature.

4(b), respectively. To improve the interpretation of the SAR
imagery, the most meaningful morphological features of the
study area were annotated in Fiéfa) Land ice is masked

in white and the boundary of the polynya is marked using a
bold white line. Ice streaks within the polynya and the outer
sea ice are also annotated. An enlarged version of the polynya
area is shown in Fig4(c) and 4(d), where the presence of
ice streaks and the polynya boundary are better visible in the
graytones images. The shape of the polynya, which extends in
the seaward direction almost parallel to the Drygalskiice tongue,
is well recognizable both in the HH- and HV-polarized SAR
imagery [Fig.4(a)and4(b), respectively], although remarkable
differences apply. When dealing with the HH-polarized SAR
image, the ice-free sea surface appears brighter than the sea-ice
streaks that are aligned to the wind direction according to the
underlying Langmuir ocean circulation. In the HV-polarized
SAR image an opposite behavior applies with the ice streaks
appearing brighter than the surrounding ice-free water. The vi-
sual inspection suggests that the two polarimetric channels carry
on complementary scattering information that can be jointly
exploited to better characterize TNB polynya.

The graytones images of the SPAN, the wave entrépy
and the mean scattering anghe are shown in Figh. The
polynya signature can be easily distinguished in the SPAN
image [see Figs(a)], which also shows the thin sea-ice streaks.
Within the polynya, the sea water results in a total backscat-
tered power larger than the sea ice that appears as slightly
darker streaks. This behavior resembles the HH-polarized one,
witnessing that copolarized backscattering dominates the to-
tal backscattering. When dealing with the entropy image, see
Fig. 5(b), sea-ice-free and sea-ice-infested polynya regions call
for different values, see the blue and red boxes, respectively.
Within the polynya, the sea water is very dark witnessing that
low entropy values apply, while thin sea ice appears as brighter
streaks. Similar comments apply for the mean scattering angle,
see Fig5(c).

To perform a quantitative analysis, the mean and the stan-
dard deviation values of incoherent and coherent features are
evaluated within two equal-size regions of interests (ROIs)
selected over homogeneous sea water and sea-ice areas within
the polynya, see blue and red boxes in Big), respectively. The _ _ _ -

. . e Fig. 5. Graytones images showing (a) SPAN (dB). kb)(c) & (°) features.
features values, listed in Talle show that the sea-ice-free ROIIce-free and ice-infested water ROIs are highlighted with blue and red boxes,
calls for a copolarized backscattered signal that is about 2 eélBpectively. Land ice is masked in white.
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Fig. 7. Unsupervised WishaH /& classification output (), where land ice is
masked out. (b) IST image (fC) obtained from MODIS at the SAR acquisition
time.

cross-polarized NRCSs, with the sea-ice-covered ROI calling for
a standard deviation about 0.5 dB larger than the one resulting
from the sea-ice-free ROI. This result witnesses the intrinsic
larger space variability of sea-ice streaks within the polynya with
Fig. 6. Empirical pdf of the features evaluated over the selected sea wdi@SPect to the sea water. According to Talblehe sea-ice-free
(in blue) and sea ice (in red) ROIs for: (a) incoherent features, with continuo®®QI calls for a low entropy (0.15 on average), while the iced
dashed and dotted lines referring to HH- and HV-polarized NRCS and the SPAR | results in largef! values (0.36, on average); theaverage
Coherent (b)Hd and (c)a (°) features. L ] ' .
values related to the ice-infested ROl are larger than the ice-free

larger than the one resulting from the sea-ice-covered ROI. TRISES (on average, about“lersus approximately’)

is likely due to their different surface roughness. A significantlpée 0 further investigate the distinctive behavior that character-
plies over both sea-ice-free and sea-ice-covered ROls, wi
3 dB larger than the sea-ice-free one. This is likely due to B l (

= —in
dard deviation is approximately within the range 1 to 1.5 dByheres andw represent the value assumed by the considered
properties. The sea-ice-free ROI calls for an average SPANown in Fig.6 and Tabldl.

i - ; es incoherentand coherent features, their empirical probability
weaker (about 13 dB lower) cross-polarized backscattering a}f nsity function (pdf) is evaluated within the two ROIs together
the sea-ice calling for an average HV-polarized NRCS abotit h the Bhattacharyya distanc@[42], [43], [44]
the larger volume scattering contribution resulting from the PR (S(m)w(v’ﬂ)> 4)
ice streaks. For both the incoherent features, the NRCS stan-
with sea-ice ROI calling for a slightly larger variability (aboufeature in the pixel under testbelonging to the sea water and
0.5 dB) due to the more heterogeneous dielectric and geomesaéa ice ROIs, consisting 6f samples, respectively. Results are
approximately 2 dB larger than the iced ROI. However, the SPAN The pdfs of the incoherent features are shown in B{@),
standard deviation is almost in the same range of the co- amldere blue and red colors refer to sea water and sea ice ROIs,
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TABLE Il
TNB POLYNYA EXTENT

Estimated area (km?2)

Satellite source SAR MODIS
ROI Sea water | Sea ice Total Sea water | Sea ice Total
September 15, 2014 743 287 1,030 1,428 - 1,428
Acquisition date
March 2, 2015 1,890 - 1,890 N/A - N/A

Fig. 8. Excerpts of the HH (a) and the HV (b) SAR imagery collected on March 2, 2015. The morphological features and the ROl are shown in panel (a) and th
land ice is masked out using white color.

respectively, while continuous, dashed, and dotted lines standfesults are also operationally interesting since they concur to
HH- and HV-polarized NRCS and SPAN, respectively. In all tha fair estimation of the sea water extent and the fractional
cases, the sea water and the sea-ice pdfs are partially overlappegh coverage of sea water within the polynya. Accordingly, by
The SPAN and the copolarized channel call for the largespplying a simple masking, the total polynya area is estimated
overlapping that reduces in the cross-polarized channel. Thasbe 1030 kr, where 287 krf out of 1030 kmd are covered
analysis suggests using the cross-polarized channel to imprbyethin sea ice, see Tabld. This means that the polynya,
the discrimination between ice-free and ice-infested sea araasually assumed as a homogeneous and completely ice-free
The pdfs related to coherent features, see B{f) and6(c), region even in conventional SP SAR approaches (4dé
show that a better separability is achieved. This is supported[By], [29]), consists of about 28% of sea ice. Nonetheless, it
the Bhattacharyya distances larger than the previous ones, isagorth noting that sea-ice streaks within the polynya consist
Tablell. The separability achieved witH anda improves of of a mixture of sea water and frazil/grease/pancaké¢3tand,
approximately 66% and 85% with respect to the HV-polarizetierefore, to assume that a single pixel is completely ice-free
NRCS. These results demonstrate the importance of coher@gmt, sea water) or ice-covered (i.e., sea ice) is a simplifying
polarimetric features in improving sea-ice/water separability.but reasonable assumption at the SAR resolution scale. For
To distinguish ice-infested water from ice-free sea surfaceference purposes, the polynya extent is also estimated from
within the TNB, the WishartH/a classifier is used, whosethe IST derived at the SAR acquisition time according2®),
output is displayed in Fig7(a) The TNB polynya area is see Fig.7(b). The TNB area covered by the polynya, see bright
automatically partitioned into two distinct classes displayed green area calling for IST larger thart®, is estimated to be
light blue and bright green color. It can be noted that the twi®28 kn¥, i.e., about 50% more than the sea water polynya
classes well fit the sea ice and the ice streaks, respectivatga estimated from the DP SAR. This is a key information
[see Fig.4(a), demonstrating that the two classes call foconsidering that coastal polynyas represent one of the primary
scattering mechanisms well-distinguishable using coherent pea-ice mass production sources and that the sea ice significantly
larimetric features. The classification output also shows that taffects the ocean-atmosphere interaction, i.e., heat exchange,
boundary of the polynya can be automatically traced. Thesmergy, mass, and moment(it9].
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Fig.10. Unsupervised Wishakt/a output where land ice is masked in white.

polynya is brighter than the surrounding sea ice. Inthand

a images [see Figd(b) and9(c)] the opposite behavior applies
since the polynya is darker than both the sea ice along its edge
and the surrounding environment. In this case, there is no ice
streak within the polynya; hence, the quantitative analysis is
carried out using the ROI selected over the sea area within the
polynya. The mean and standard deviation values of the features
are listed in Tabldl . The features call for values close to the ones
measured in the first experiment, confirming that the sea within
the polynya results in a dominant Bragg-like scattering behavior
that calls for low depolarization.

The capability of coherent polarimetric features to auto-
matically estimate the polynya extent is verified using the
unsupervised Wishaitl /& classifier. The output, see Fig0,
shows that the area depicted in light blue color well fits the ice-

Fig. 9. Graytones images showing (a) the SPAN (dB): (b)ihend (c) the free hqmogenegus area within the polynya with the excgptlon
a (°) features. Land ice is masked in white. of few isolated pixels (less than 1% of the total number of pixels)
that belong to a different class showing a polarimetric behavior
different from the sea one. Those pixels do not show a clear
The second experiment refers to the SAR scene collectedpattern; hence, they can be considered asisolated and notreliable
March 2, 2015, see Fi@, where again land ice is masked irspots that can be easily sorted out when estimating the total
white. In Fig.8(a), the boundary of the polynya is visually annopolynya area. The latter is estimated to be equal to 1890 &ee
tated using a white line and the sea water ROl is also highlight&dblelll . Unfortunately, no cloud-free time collocated MODIS
with a blue box. By visually inspecting the HH [Fi§(a)] and image is available to contrast optical and radar estimations (see
HV [Fig. 8(b)] images, no ice streak is visible, although th&ablel). Nonetheless, this stresses the fundamental role played
polynya is in the opening phase. The sea ice accumulates albgdSAR imagery in routinely observing the TNB polynya.
the edge of the polynya and, therefore, the latter appears a3he third experiment refers to the SAR scenes collected
an almost homogeneous ice-free sea surface area. The polymya-ebruary 6, 2016, see Fi@l(a) and 11(b) where land
can be observed in both the SAR imagery and it extends agea is masked in white. In Figll(a) the sea water ROI is
forked sea-water tongue brighter than the surrounding sea iemphasized by a blue box. By visually inspecting the images,
The graytones images related to the SPAN (dB), fheand the TNB is almost completely ice-free with the exception of
thea (°) features are displayed in Fi§(a){(c), respectively. In some accumulated sea ice pushed offshore by the wind. This is
all the cases, the polynya can be easily distinguished from tt@mpatible with the summer metocean conditions that are such
surroundings. The SPAN image [see Fdga) shows that the that no polynya can be formed and sustained. The graytones
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Fig. 11. Excerpts of (a) the HH and (b) the HV SAR imagery collected on February 6, 2016. In panel (a), the morphological features are annotateititogether

the ROI. In addition, land ice is masked out in white.

Fig. 12. Graytones images showing (a) the SPAN (dB), (b){hand (c) the
a (°) features. Land ice is masked in white.

Fig. 13. Unsupervised WishaH/a output. Land ice is masked in white.

images that refer to SPAN (dB}, anda (°), are displayed in

Fig. 12(a)and12(c), respectively. There is no hint of signal that
can be associated to the polynya; while the ice-free sea surface
is distinguishable from sea ice. The sea water results in SPAN
(H anda) values larger (lower) than the offshore sea ice. The
mean and standard deviation values evaluated over the selected
sea water ROI for both incoherent and coherent features show
almost the same trend observed for the previous experiments,
see Tabldl. The unsupervised Wishat /& classifier output
image is shown in Figl3, where the TNB area again belongs

to the light blue color class, demonstrating consistency with the
previous experiments. The output image also shows a second
class, displayed in bright green color, which well matches with
the sea ice surrounding the TNB area.
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V. CONCLUSION [5] K. Nakata, K. I. Ohshima, and S. Nihashi, “Mapping of active frazil
. . for antarctic coastal polynyas, with an estimation of sea-ice production,”
In this study, the TNB coastal polynya is observed, under Geophysical Res. Lett., vol. 48, no. 6, 2021, Art. no. e2020GL091353.

different environmental conditions, by dual-polarization RS-246] P. Wadhams, G. Aulicino, F. Parmiggiani, P. O. G. Persson, and B. Holt,

_ . - _“Pancake ice thickness mapping in the Beaufort Sea from wave dispersion
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two on-site AWSs. Experimental results show that the crosgs) T. Tamura, K. I. Ohshima, and S. Nihashi, “Mapping of sea ice production
polarized channel provides complementary information with for Antarctic coastal polynyas,” Geophysical Res. Letol. 35, 2008,

; ; Art. no. LO7606.
respect to the conventional copolarized channel that can be u H. Han and H. Lee, “Glacial and tidal strain of landfast sea ice in Terra

to better distinguish seaice from the surrounding sea. Inaddition, Nova Bay, East Antarctica, observed by interferometric SAR techniques,’
coherent dual-polarimetric features can be used to support a Remote Sens. Environvol. 209, pp. 41-51, 2018.

- ; : : : " - 0] T. Tamura, K. I. Oshima, A. D. Fraser, and G. D. Williams, “Sea ice
fine-resolution characterization of the inhomogeneities withih production variability in Antarctic coastal polynyagrGeophysical Res.
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