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Abstract: Surface snowmelt causes changes in mass and energy balance, and endangers the stabilities
of the ice shelves in the Antarctic Peninsula (AP). The dynamic changes of the snow and ice conditions
in the AP were observed by Sentinel-1 images with a spatial resolution of 40 m in this study. Snowmelt
detected by the special sensor microwave/imager (SSM/I) is used to study the relationship between
summer snowmelt and winter synthetic aperture radar (SAR) backscatter. Radar glacier zones (RGZs)
classifications were conducted based on their differences in liquid snow content, snow grain size,
and the relative elevations. We developed a practical method based on the simulations of a microwave
scattering model to classify RGZs by using Sentinel-1 images in the AP. The summer snowmelt
detected by SSM/I and Sentinel-1 data are compared between 2014 and 2015. The SSM/I-derived
melting days is used to validate the winter dry snow line (DSL). RGZs derived from Sentinel-1 images
suggest that snowmelt expanded from inland of the Larsen C Ice Shelf to the coastal area, whereas an
opposite direction was found in the George VI Ice Shelf. The long melting season in the grounding
zone of the Larsen C Ice Shelf may result from the adiabatically-dried fohn winds on the east side
of the AP. As the uppermost limit of summer snowmelt, DSL was mapped based on the winter
Sentinel-1 mosaic of the AP. Compared with the SSM/I-derived melting days, the winter DSL mainly
distributed in the areas melted for one to three days in summer. DSL elevations on the Palmer Land
increased from south to north.
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1. Introduction

The seasonal and interannual changes of freeze-thaw cycles on ice sheets result in the formations
of different glacier facies. Wet snow absorbs significantly more incident solar radiation than dry
snow because of the much lower albedo. The increased solar radiation absorption leads to a positive
feedback to produce more snowmelt [1]. Therefore, snowmelt plays an important role in the mass
and energy balance of the polar regions. The temporal and spatial distribution of snowmelt leads to
the formation of different glacier facies, and the variations in glacier facies represent the changes of
climate [2,3]. The Antarctic ice shelf snowmelt is particularly sensitive to climate change [4]. As the
northernmost part of the Antarctic continent, warming in the Antarctic Peninsula (AP) was reported
more rapidly than in the rest of Antarctica [5].

In situ measurements of snowmelt in the polar regions are limited and difficult. Active and
passive microwave remote sensing data have been used to map the spatial distribution of surface
snowmelt over the Antarctic continent. Studies based on microwave radiometers, synthetic aperture
radar (SAR) and scatterometers used brightness temperature (T},) and backscattering coefficient
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(09 at different channels to estimate the snowmelt in Antarctica [6-9]. When a snowpack starts
to melt, the emissivity and absorptivity increase significantly because of the abrupt increase of the
dielectric constant, leading to the sudden increase of T; and decrease of 09 [10,11]. Methods based
on thresholding T, and ¢” time series with a constant or regionally variable were used to detect
snowmelt [6,12-15]. The edges of freeze—-thaw cycles can also be identified by using wavelet transform
methods [16,17].

Compared with radiometer and scatterometer images, SAR images display higher spatial
resolution, which enables us to study the detailed pattern of snowmelt, glacial facies, and snow
line. In SAR images, backscatter from snow and ice surface is dependent on snow density, liquid
water content, grain size, stratigraphy, and surface roughness [18,19]. Different snow zones on a
glacier are identifiable on SAR images [2,20-24]. These radar glacier zones (RGZs), including wet
snow, frozen percolation, dry snow, superimposed ice, and bare ice radar zone, can be classified by
0¥ and elevations [8,18]. The distribution of RGZs depend on terrain and climate conditions. In the
Antarctic, where air temperature is much lower than the temperature of mountain glaciers, snowmelt
occurs on the flat ice shelves, and meltwater flow is limited due to the relatively high latitude. As a
result, the superimposed ice radar zone is absent [16]. On the other hand, there is no dry snow zone
for the places with all the snow and ice surface melting in summer.

The transient firn line is the boundary between the bare ice radar zone and wet snow radar zone
(summer) or frozen percolation radar zone (winter), which documents the current uppermost limit
of the ablation area. At the end of the ablation season, the transient firn line is often regarded as the
equilibrium line, which is a key parameter for the glaciers’ mass balance [19]. In winter, the boundary
of frozen percolation radar zone and dry snow radar zone represents the uppermost limit of the last
summer snowmelt, and the position is regarded as the dry snow line (DSL) [8]. Various SAR images,
including European remote sensing satellite (ERS), Radarsat, Envisat, Advanced Land Observing
Satellite (ALOS), has been used in the mapping of wet snow in seasonal snow cover by using ¢?,
incidence angle, and polarization information [25-28]. Various methods, such as visual interpretation,
supervised classification, and machine learning algorithms, have been used in the classification of
RGZs for the icefields at high latitudes and altitudes [22-24,29,30]. In the Antarctic and Greenland ice
sheet, snowmelt occurs at low latitudes and altitudes frequently. The seasonal monitoring of glacier
zones is important in order to understand the impact of meteorological parameters of the stability,
energy, and mass balance of the ice sheets. Clustering algorithm and region classification based on
backscatter and texture properties have been used in the mapping of RGZs on the ice sheets [16,31].

In the AP, the pattern of surface snowmelt and melt ponds highlighted a potential contributing
process to the collapses of ice shelves [32]. The boundaries between glacier zones were found to
be climate-related in the AP. As the uppermost limit of summer snowmelt, the elevation of the
DSL always indicates significant climate changes in the AP [8]. An upward significant shift of the
DSL is believed to be related with the change in the snow cover properties under extreme melting
conditions, while a downward shift of the DSL is a consequence of the continuous accumulation of
dry and fine-grained snow and the absence of melt event for several years. During the last decade
of 20th century, a significant upward shift of the DSL in the AP was interpreted as a response to the
increase of high temperature events [33]. DSL elevation in the AP was found to show good correlation
with the summer air temperature [34].

Sentinel-1A and Sentinel-1B were launched in 2014 and 2016, respectively, and provide continuous
imagery over the polar regions. With the two-satellite constellation, six-day exact repeat pass
observations can be used for the monitoring of detailed patterns of snowmelt in the AP. We developed
a practical method based on the simulations of a microwave scattering model to classify summer RGZs
by using Sentinel-1 images in the AP (Section 3). We compare the summer snowmelt detected by the
special sensor microwave/imager (SSM/I) and Sentinel-1. The SSM/I-derived melt area is used to
validate the DSL mapped by winter Sentinel-1 mosaic. The mapping of summer RGZs and winter
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DSL in the AP are shown in Section 4, followed by the discussion and conclusions of this study in
Sections 5 and 6.

2. Study Area and Data Sets

2.1. Study Area

The AP is a northward extension (approximately 1300 km) of Antarctica toward the southern tip
of South America (Figure 1). The AP is ice-covered and mountainous, with long melt seasons [35].
Strong rising trends in the melting conditions were found in the records of the meteorological stations
in the AP, where warming was more rapid than in the rest of Antarctica [5,36]. Recent studies found
that the loss of ice shelf mass in west AP is accelerating [37]. Meltwater percolated into the bottom
of the ice will weaken and even disintegrate the ice shelves. Recently, some ice shelves in the AP
experienced dramatic break-ups, including the catastrophic collapse of Larsen B in 2002 when the
surface snowmelt was three times greater than the average [9,38].
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Figure 1. Map of the Antarctic Peninsula (AP). (a) Location of the AP on Antarctica; (b) Digital
elevation model (DEM) of the AP obtained from the National Snow and Ice Data Center (NSIDC,
http:/ /nsidc.org/). The black line is the boundary of the study area, and the colored rectangles are the
frames of Sentinel-1 images used in this study. The base map was obtained from Earthstar Geographics
(http:/ /www.terracolor.net/).
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2.2. Data Sets

2.2.1. SSM /I Passive Microwave Data

Carried aboard the Defense Meteorological Satellite Program (DMSP) satellites, SSM/I data
were used to detect snowmelt since 1987 [17,39-41]. The Level-3 Southern Hemisphere EASE-Grid
Brightness Temperature data set provided by the National Snow and Ice Data Center (NSIDC,
http:/ /nsidc.org/) was used in this study [42]. The spatial resolution is 25 km for all channels
in both ascending and descending orbits. We processed the data spanning from 1 July 2014 to
30 June 2015 in Antarctica. The 19.35 GHz T}, in horizontal polarization was used to derive the daily
snowmelt distribution in the AP. Snowmelt detected by the SSM /1 is used in three aspects in this study:
(1) to study the relationship between summer snowmelt and winter SAR backscatter; (2) to compare
with the summer snowmelt detected by Sentinel-1; and (3) to validate the DSL mapped by winter
Sentinel-1 mosaic.

2.2.2. Sentinel-1 Images

With the purpose of imaging all global landmasses, oceans, coastal zones, and shipping routes at
high resolution, Sentinel-1A and Sentinel-1B were launched in 2014 and 2016, providing timely and
easily accessible information in a six-day exact repeat [43]. The two polar-orbiting satellites operating in
C-band (5.4 GHz) are able to acquire imagery regardless of the weather. The Sentinel-1 SAR instrument
operates in four exclusive imaging modes, namely, the Wave, Strip Map, Extra Wide (EW) Swath, and
Interferometric Wide Swath modes, with different resolutions and coverage. Sentinel-1 has single
polarization (VV or HH) for the Wave mode, and dual polarization (VV + VH or HH + HV) for other
modes [44]. This study used the HH polarized Ground Range Detected (GRD) imagery product in EW
mode to derive RGZs and DSL in the AP (see the image frames in Figure 1b). The GRD products were
multilooked and projected to ground range using an Earth ellipsoid model. Detailed information of
the 22 images obtained from the European Space Agency (ESA) is listed in Table 1.

Table 1. Sentinel-1 images used in this study. RGZ: radar glacier zone.

Images for the Winter Mosaic of the AP Images for the RGZs Mapping

Relative Orbit Number  Slice Number Date Relative Orbit Number  Slice Number Date
48 3 1 May 2015 48 4 21 October 2014
48 4 1 May 2015 48 4 2 November 2014
48 5 1 May 2015 48 4 8 December 2014
62 5 1 May 2015 48 4 20 December 2014
106 4 5 May 2015 48 4 1 January 2015
106 5 5 May 2015 48 4 13 January 2015
111 1 5 May 2015 48 4 25 January 2015
18 5 10 May 2015 48 4 18 February 2015
34 3 12 May 2015 48 4 2 March 2015
92 3 16 May 2015
96 0 16 May 2015
19 4 4 June 2015
165 1 20 July 2015

These horizontally polarized images observed the AP at a spatial resolution of 40 m.
The radiometric calibration, terrain correction, Lee filter with a window size of 7 x 7, and the
mosaicking of the images were conducted with the ESA’s Sentinel Application Platform. The incidence
angles of the EW mode images range from 18° to 46°, resulting in the reduction of backscatter energy
from near to far range. The wide range of incidence angles affects the detection and classification of
RGZ. A cosine-based normalization method was applied to limit the ¥ variations [45,46]:
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where Joref means the normalized backscattering coefficient; 6 is the local incidence angle; (709 is the
measured backscatter; and G,ef is the reference angle, which was set as 30° in this study.

3. Methodology

Due to the lack of in situ observation, RGZs and DSL derived from Sentinel-1 images are compared
with SSM/I-derived snowmelt in this study. Snowmelt detected by the SSM /1 is used to study the
relationship between summer snowmelt and winter SAR backscatter. We also compare the summer
snowmelt detected by the SSM/I and Sentinel-1. The SSM/I-derived melt area is used to validate the
DSL mapped by winter Sentinel-1 mosaic. In this section, we present the melt detection method for
the SSM/1. A practical method to classify RGZs is developed based on the simulations of a microwave
scattering model.

3.1. Snowmelt Detection Using SSM/I Data

A thresholding method proposed by Zwally and Fiegles (1994) [6] was used to recognize snowmelt,
which was in good agreement with snowmelt derived from air/surface temperature in Antarctica [47].
Snowmelt is identified when horizontally polarized 19.35 GHz Tj, exceeds the winter mean plus 30 K,
illustrated as follows:

@

m(t) = 1, Ty > Twm +30K
10, Ty < Twm +30K

where t is the time, Ty, is the winter (from May to July) mean T}, and m(t) represents snowmelt,
with m = 1 indicating melt and m = 0 indicating freeze. Figure 2 shows the horizontally polarized
19.35 GHz T}, of a melting pixel (67.81°S, 64.64°W) on the Larsen C Ice Shelf and a frozen pixel (72.21°S,
63.63°W) on Palmer Land. Melting signals (the red line above 190 K) were clearly observed during
summer in the first place, whereas no snowmelt was detected for the other one (the green line).
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Figure 2. Ascending special sensor microwave/imager (SSM/I) 19.35 GHz T}, in the horizontal
polarization of two pixels from July 2014 to June 2015. The red line represents a melting pixel with a
threshold of 190 K (red dot line) on the Larsen C Ice Shelf. The green line represents a frozen pixel with
a threshold of 232 K (green dot line) on Palmer Land.

3.2. RGZ Classification Using Sentinel-1

RGZs show altitudinal zonation on the glaciers. In general, bare ice, wet snow, frozen percolation,
and dry snow radar zones distribute successively with the elevations [8]. Melting signals were found
within the areas lower than 1700 m by the SSM /I in this study. Arigony-Neto et al. [34] reported that
the elevation is higher than 800 in the dry snow radar zone, and lower than 500 m for bare ice in the
AP. RGZs can be also characterized by their backscattering characteristics. Dominated by specular
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reflection, the bare ice radar zone shows minimal change throughout the freeze/thaw cycles. The wet
snow radar zone is dark because of the strong absorption and limited penetration of the C-band
microwave; scattering occurs only at the wet-snow surface [28,30]. Freezing and thawing repeatedly,
the frozen percolation radar zone shows high winter backscatter intensities due to the ice layers and
coarse grain in the snowpacks. The wavelength of the C-band microwave is much greater than the
snow grain size in dry snow packs, so the backscatter returns in the dry snow radar zone is weak,
because of the low dielectric losses and deep penetration [2,48-50].

The MEMLS3&a developed by Proksch et al. (2015) [51] was used in this study to simulate the
backscatter of RGZs due to the limited observations in the AP. As an extension of the microwave
emission model of layered snowpacks (MEMLS), MEMLS3&a applies six-flux theory to describe
multiple volume scattering and absorption. The model outputs T; and ¢” in the snowpacks by
inputting the snow density, thickness, salinity, temperatures of interfaces, exponential correlation
length, and liquid water content of each layer. Other general model parameters are also needed,
including the snow-ground reflectivity, cross-polarization ratio, and mean slope of surface undulation.
Simulations were in good agreement with in situ observations [51-53].

A set of controlled experiments was conducted using MEMLS3&a. We assume that the snowpacks
are homogeneous in the vertical direction, and both the ground and snow temperatures are 273.15 K for
slight snowmelt. The incidence angle was set to 30°, and the corresponding sky brightness temperature
for the C-band is 8 K [54]. Snow—ice reflectivity at 5.4 GHz was set to 0.15 and 0.6 in horizontal and
vertical polarizations, respectively, according to a study on sea ice [55]. The mean slope of snow surface
undulation and the cross-polarization ratio were set to 0.1 and 0.15, respectively [51]. The exponential
correlation length in MEMLS3&a is used to describe the snow structure, which is a function of snow
density and grain size [56,57], and is illustrated as follows:

Psnow Psznow
Pex =0.75 — 2 d 3
ex ( Pl‘cg Pz ( )

ice

where P,y is the exponential correlation length, psu0w and pj. are snow and ice density, respectively,
and d represents the snow grain size. Ice density was set as 917 kg/m? in this study.

Snow profiles designed in the simulations referenced a study that links the SAR data with snow
pit measurements in the AP [19]. We simulated the changes of ¢” in the transitions from dry to wet
snow regimes (with snow liquid water from 0 to 1% in volume). With snow density ranging from
350 kg/m? to 540 kg/m? and snow grain size ranging from 0.5 mm to 3 mm, different snow profiles
were designed in the simulations. As shown in Figure 3a, ¢° changes slightly and maintains less than
—6.5 dB when snow depth was set as 1 cm (regarded as bare ice). The results also suggest that even
minimal liquid water in shallow snowpacks (e.g., 5 cm) can lead to a sharp decrease in o0 (Figure 3b).
Much larger drops are found in the simulations of thicker snowpacks. Denser snowpacks with small
grains are more sensitive to liquid water (Figure 3c,d). The spectral behavior of the wet snow can be
dominated by the meltwater when the liquid water content is 1% by volume [58]. For the snowpacks
thicker than 5 cm, C-band ¢” decreases by at least 4 dB in every case when liquid water reaches
1% by volume.

Grain size is more than 2 mm in coarse-grained snowpacks and less than 2 mm in fine-grained
snowpacks [59], which dominate the backscatter in frozen percolation and dry snow radar zones,
respectively. As shown in Figure 4, the C-band ¢° in snowpacks with coarse grain (3-8 mm) and fine
grain (0.5-2 mm) increase and decrease with snow depth. The ¢¥ of the coarse-grained snowpacks
rises above —6.5 dB quickly but keeps below —6.5 dB in the fine-grained snowpacks. The simulations
suggest that a frozen percolation radar zone experiencing heavy snowmelt in summer turns bright
on SAR images in winter, whereas the dry snow radar zone with high accumulation would be dark.
The results indicate a clear boundary (i.e., the DSL) between the two zones on SAR images.
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Figure 3. C-band ¢¥ changes with liquid water content simulated by MEMLS3&a. Incidence angle was
set as 30°, and snow depth was set as 1, 10, 50, and 200 cm in (a-d) respectively. Simulations with snow
density ranging from 350 kg/m3 to 540 kg/m3 and snow grain size ranging from 0.5 mm to 3 mm
were conducted.

The differences in liquid snow content, snow grain size, and the relative elevations enable us to
classify the RGZs based on Sentinel-1 SAR images. For the C-band Sentinel-1 images normalized to
30° incidence angle, the locations with o9 4 dB lower than the winter observations were defined as
wet snow radar zone. The brightest parts on the images (¢° > —6.5 dB) were categorized as frozen
percolation radar zone. The rest of the dark patches above and below 500 m were classified as dry
snow and bare ice radar zone, respectively. The flowchart for Sentinel-1 SAR image processing and
rules for RGZ classification are shown in Figure 5.
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Figure 4. C-band ¢ changes along with snow depth simulated by MEMLS3&a. Incidence angle was
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4. Results

4.1. Melting Days in the AP

The winter mean SSM/I 19.35 GHz T}, in horizontal polarization varied greatly over the AP
(Figure 6a). A melting day was counted when either T} of the ascending and descending orbits pass
beyond the thresholds. Heavy snowmelt was found on the Larsen Ice Shelf and Alexander Island
(melting for more than two months), whereas the mountainous area of Palmer Land was frozen
(Figure 6b). We also noticed that the places with long melting seasons show lower winter T;, compared
with the frozen area. During refreezing, equitemperature metamorphosis results in coarse snow grains
in places with a long melting season [60], leading to the stronger scattering and lower T}, compared
with the places frozen all year around. As discussed in Section 3, meltwater refrozen in snowpacks also
alters the morphological features, resulting in different backscattering characteristics in cold seasons.
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Figure 6. (a) Winter mean ascending SSM/I 19.35 GHz T}, in horizontal polarization. (b) Melting days
over the AP derived from SSM/I data during 2014-2015. (c) Normalized radar backscatter of Sentinel-1
mosaic with the reference angle of 30°. The yellow star shows the location of the Larsen F Ice Shelf,
and the upstream Swan Glacier.

We calculated the mean melting days at 100 m elevation intervals. As shown in Figure 7a,
mean melting days decreased with the increase in elevations. The correlation coefficient is —0.85.
No melting signal was detected over 1700 m. The frequency of melting days showed two peaks,
which represented short (0-5 days) and intense (60-65 days) melt seasons, respectively. Using the
calibrated Sentinel-1 images listed in the left column of Table 1, we produced a winter mosaic of the
AP from May to July in 2015 (Figure 6¢). Figure 7b shows a comparison between the melting days
derived from SSM /I data and ¢ derived from the winter Sentinel-1 mosaic. The Sentinel mosaic
was resampled to the same size as the SSM /I data. We calculated the mean winter ¢* for every five
melting days. The places with more melting days were much brighter on SAR images. The correlation
coefficient is 0.78. This trend was significant for the areas where snowmelt lasts for less than 50 days,
but not significant for the heavy melting places. Surface snowmelt led to the formation of ice layers
and coarse grains in cold seasons, resulting in increased backscatter energy. The result supports the
simulations of the frozen percolation radar zone in Section 3.2.
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Figure 7. Relationships between melting days, elevation, and backscatter. (a) shows the mean melting
days at 100 m elevation intervals (blue empty dots). (b) shows the mean winter o0 for every five
melting days (blue empty dots). The red lines and green bars represent the linear trend and sample
size, respectively.

4.2. Mapping of RGZs

Based on the image preprocessing procedures and decision tree illuminated in Figure 5, RGZs in
the middle of the AP were mapped by using the nine images listed in the right column of Table 1.
These images observed the AP in the melting season from 21 October 2014 to 2 March 2015, covering the
southern Larsen C Ice Shelf and Graham Land, the George VI Ice Shelf, and the north part of Palmer
Land. Compared with the subsequent images, no snowmelt was interpreted on the image taken on
21 October (Figure 8a). This image served as a reference data for the detection of the wet snow radar
zone, considering the absence of the earlier image.

Sentinel-1 images are effective for the interpretations of RGZs in the AP. The RGZs of this
region were mapped, and are shown in Figure 8b—i. The middle AP was frozen at the beginning
of November. Dry snow and frozen percolation radar zones dominated the mountains and ice
shelves, respectively. Bare ice was sporadically distributed in the foothills and the edges of ice shelves
(Figure 8a). Snowmelt (red area) expanded quickly in December. Most of the Larsen C and George VI
ice shelves were melting at this time (Figure 8b,c). These ice shelves and the coastal areas beside the
Bellingshausen Sea were almost totally melting on 1 January of the following year. Melt area retreated
from the coastline to the piedmont region of the Graham Land from January to February (Figure 8e-h).
The grounding zone of the Larsen C Ice Shelf showed the longest melting season. This phenomenon
is consistent with the melting days, as shown in Figure 6b. The middle AP almost refroze on 2 May,
except for some small patches distributed along the coastline beside the Bellingshausen Sea (Figure 8i).
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The wet snow radar zone and frozen percolation radar zone waxed and waned in the freeze—thaw
cycle, but the dry snow radar zone remained unchanged the entire time.
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Figure 8. RGZs of the middle AP derived from Sentinel-1 images. (a) shows the reference image for
mapping of the wet snow radar zone. The map on the bottom left shows the location of the images in
the AP. (b—i) illustrate the dry snow (orange area), frozen percolation (cyan area), wet snow (red area),
and bare ice radar zone (blue area) from 2 November 2014 to 2 March 2015.

We compared the melt area detected by Sentinel-1 and the SSM/I with the ERA-Interim 2
m air temperature derived from the European Center for Medium-Range Weather Forecasting
(http:/ /www.ecmwf.int/). Melting signals were recognized by remote sensing techniques when
the mean air temperature rose above 266 K (Figure 9). Melt area varied greatly with air temperature
in the melting season. Wet snow radar zone detected by Sentinel-1 was smaller than the melt area
derived from the SSM/I. When Sentinel-1 images were avaliable, the mean melt area identified by
Sentinel-1 and the SSM /I was 2.89 x 10* km? and 5.64 x 10* km?, respectively.
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Figure 9. Comparison of 2-m air temperature (red solid line) and melt areas detected by Sentinel-1
(cyan stems) and the SSM/I (green areas). Melting signals were detected when mean air temperature
rose above 266 K (red dotted line).

4.3. Mapping of DSL

As the uppermost limit of the frozen percolation radar zone, the DSL’s position can shift
significantly due to heavy snowmelt in summer. With the low temperatures in winter, very sporadic
snowmelt was detected by the SSM /I in the coastal regions, indicating a stable position of winter DSL
in the AP. On SAR images, the boundary between the frozen percolation and dry snow radar zone is
seen as a transition from bright to dark. In Figure 10, we compared winter ¢”, melting days, and the
elevation of a profile across the Larsen G Ice Shelf and the upstream Swan Glacier (the green star shown
in Figure 6¢). Backscatter decreased significantly with the increase in elevation. SSM/I-derived melting
days changed from two days to zero in the same time, indicating a summer with weak snowmelt.
Backscatter was strong on the Larsen F Ice Shelf, and plummeted (under —6.5 dB) when the elevation
increases above 1114 m. The ¢ decreased to —15 dB rapidly in places where no summer snowmelt
was experienced. The clear boundary of the transition is the winter DSL, and the DSL elevation of
profile ABis 1114 m.

DSL in the AP was mapped by using the winter Sentinel-1 mosaic. Dry snow radar zones were
mapped based on the decision tree. After clustering based on the classification aggregation in the
ENVI software, the boundary of the dry snow patches larger than 25 km? was extracted. The dry snow
radar zone and DSL are shown in Figure 11a. Very good agreement was found between the dry snow
regions detected by SAR and radiometer (Figure 11b). Compared with the melting days derived by
SSM/I, DSL is mainly distributed in the areas melted for one to three days in summer, suggesting that
the SSM/I recognized a slightly larger melt area. DSL distributed along the mountainside varied with
latitudes and elevations, especially for the Palmer Land (Figure 11c).

DSL agreed well with contour lines locally, but DSL elevations varied with the latitudes. The mean
elevations of the DSL of the Palmer Land were calculated at a 0.5° interval of latitude from 74°S to
70°S. As shown in Figure 12, DSL elevations increased from south to north.
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Figure 10. Winter ¢¥ (blue line), melting days (green line), and elevation (black line) along a profile
across the Larsen F Ice Shelf and the upstream Swan Glacier (corresponding to the star in Figure 6¢).
The red line marks the location of the dry snow line (DSL). The backscatter map at the bottom left

corner shows the route of profile AB (yellow line).
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Figure 11. (a) shows the dry snow radar zone (yellow area) and DSL (red line) derived by Sentinel-1.
The DSL was overlapped with melting days and elevation in (b,c), respectively.
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Figure 12. Boxplot of the DSL elevations at a 0.5° interval of latitude on the Palmer land.

5. Discussion

Simulations of MEMLS3&a suggest that C-band ¢” with the incidence angle of 30° in wet
snowpacks decreased for at least 4 dB compared with dry snow regime in the AP. The threshold
is close to the value of 3 dB, which has been successfully used in Radarsat and ERS [32,61].
Horizontally polarized ¢° increases and decreases with snow depth in coarse-grained and fine-grained
snowpacks, indicating a clear boundary between frozen percolation and dry snow radar zones.
The transition from bright to dark can be easily recognized at a threshold of —6.5 dB, according
to the simulations (Figure 4). This value agrees well with —6 dB used in Rau et al. (2000)’s work in the
AP [62]. Backscatter decreases quickly from the frozen percolation to dry snow zone because of the
differences in snow structure. As can be seen in Figure 10, ¢° drops rapidly from —5 dB to —10 dB in
the transition, suggesting that the threshold is reasonable within a range. A lower threshold of —8 dB
was used by Arigony—Neto et al. [8,34]. The result was supported by the higher winter ¢° with the
increased summer melting days derived by SSM/I data (see in Figures 7b and 10). However, this trend
is not significant when the number of summer melting days is higher than 50, which may result
from the increase of specular reflections from ice-saturated firn layers in winter [63]. The model error
of MEMLS3&a, and some assumptions we made, may lead to the uncertainties in the simulations.
For example, the model assumes that the layer interfaces are smooth. Some empirical parameters in
the model also need further verification [51,53]. In the AP, snow profiles are much more complex than
what we set in the simulations.

RGZs were classified on SAR images based on their differences in the liquid snow content,
snow grain size, and the relative elevations. The temporal and spatial distributions of RGZs in
the middle of the AP were mapped based on nine repeat-pass Sentinel-1 images. Compared with
snowmelt detected by radiometer, the SAR-derived melting signals show a great improvement of
spatial resolution, and can show detailed patterns of snowmelt. Snowmelt expanded from the
grounding zone of the Larsen C Ice Shelf to the coastal area, but from the coastal area to the inland for
the George VI Ice Shelf. The phenomenon agreed well with the melting days calculated from SSM/1
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data (Figure 6b). Fohn winds may explain the relatively long melting seasons in the western Larsen C
Ice Shelf (Figures 6b and 8). Low relative humidity of the air mass makes snowmelt or sublimation
easier due to the adiabatically-dried fohn winds on the east side of the AP, leading to its ponding and
thinning [32,64].

The wet snow radar zone detected by Sentinel-1 was smaller than the melt area derived from
SSM /1 data for several reasons. More extensive snowmelt was recognized by the SSM /I because of
the dual observations. The much coarser spatial resolution of the SSM/I data also matters. A melt
area of 625 km? may be counted when only a small patch in the SSM/1 pixel experiences snowmelt.
The melting thin snow in periods of higher air temperatures would expose bare ice [65], leading to the
underestimate of melt area on SAR images.

Minor misclassifications of RGZs exist in our study because of the special imaging mode of
SAR. Figure 13a shows the misclassifications of the crevasses and mountains in Agassiz Cape on
14 November 2015. Crevasses with weak backscatter returns on ice shelves may be mistaken for bare
ice (Figure 13b). Similarly, for the mountainous areas, the very high local incidence angles of the back
slopes in the range direction lead to much lower ¢° (Figure 13c). These places were mistaken for bare
ice or dry snow with the elevations below or above 500 m. It is also difficult to map the DSL in glaciers
flowing through narrow valleys [34]. We hope that the addition of SAR textural features in future
studies can help eliminate these misjudgments.

As the highest limit of snowmelt, winter DSL in the AP was mapped based on the SAR mosaic.
DSL mainly distributed in the areas melted for one to three days in summer, indicating that a
slightly larger accumulative summer melt area was recognized by the SSM/I. The largest dry snow
patch was located on the Palmer Land, where the DSL elevations increased from south to north.
Higher temperatures at the lower latitudes enable snowmelt to reach the higher altitudes.

62°50W 62°40'W 62°30W 62°50'W 62°40'W 62°30'W 62°50'W 62°40W 62°30W

~— L 5
\| (a) 5 ¥ 50 20 (b) local incidence angle (°) (c)
L B B ilometers ﬁ | ’ o High:69°

>

Ice crevasses

Low:0°

68°50'S

68°50'S
J
/
{
68°50'S

68°30'S
68°30°S
68°30'S

High:§dB g J ot ) 3
y % e >

. Low :-22 dB s
Kilometers S

64°10'W 64°0'W 63°50'W 64°10W 64°0W 63°50'W 64°10W 64°0'W 63°50'W

69°0'S

69°05
5
8
8
}
i
69°0S

Figure 13. Misclassifications of RGZs in Agassiz Cape on 14 November 2015. (a) shows the location
of Agassiz Cape and the misclassifications of the crevasses and mountains. Blue and yellow areas
represent bare ice and dry snow, respectively. The base map is a Landsat 8 image from 2 November
2015 derived from the United States Geological Survey (USGS, http://glovis.usgs.gov/). (b) illustrates
the ice crevasses on the corresponding SAR image. (c) shows the local incidence angle.

6. Conclusions

This work develops a method to study the detailed melt pattern in the AP by using Sentinel-1
imagery. Based on a practical method of RGZ classification introduced in this study, the two open
access Sentinel-1 satellites can provide timely accessible RGZs, as well as a way to study the dynamic
changes in the detailed patterns of snowmelt at a spatial resolution of 40 m. The variances of DSL
suggest the occurrences of heavy snowmelt in the AP, indicating the extreme events of polar climate.
RGZ and DSL mapped by Sentinel-1 in this study are not validated directly because of the lack of in
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situ observations. However, the results agree well with the snowmelt detected by the SSM/I. In view
of the dramatic collapses of the Larsen A and B ice shelves, the strong rising trend of the surface
snowmelt threatens the stabilities of the ice shelves in the AP. With the subsequent launches of Sentinel
1C and 1D, RGZs and DSL detected by Sentinel-1 can reveal the exhaustive melting condition in the
AP, and also provide input and output validations for the climate models.
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