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ABSTRACT

This work analysed the spatio-temporal variation of snow cover on the
Kraków Ice Field, located in the King George Island, Antarctica. High spatial
resolution images of COSMO-SkyMed were used in this study. These X-band
images are vertically and horizontally co-polarized and their intensity data
were converted to amplitude (dB). The COSMO-SkyMed images were
classified by a minimum distance algorithm and post-classified based on
knowledge of adjacency relationships of snow zones. Hypsometric, slope,
aspect and solar radiation maps to support the interpretation of backscatter
patterns in the COSMO-SkyMed images. Three radar zones were classified in
these images: percolation, slush and wet snow radar zone. Positive surface air
temperatures and rainfall events, registered from a meteorological station,
lead to increase in wet snow and slush zones. The COSMO-SkyMed images
and minimum distance algorithm were adequate to discriminate the snow
cover and to assess the supraglacial melting pattern during the ablation
season in the study area.
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Introduction
Glaciers are masses of snow and ice that may have superficial facies or zones, according to their surface and stratigraphic characteristics, such as areas of dry snow, percolation, wet snow and bare ice
zones, forming an ordered sequence from Ice Field interior to ice front. In the dry snow zone, there
is no surface melting even in the summer and it is only found in the interior of ice sheets and in high
mountains. The percolation zones have surface melting, but the water percolates few metres and
refreezes, forming ice lenses or glands, while in the wet snow zone, the snowpack is saturated with
water. The bare ice zone occurs in the glacier ablation area and it has an irregular surface of exposed
glacier ice (Cuffey & Paterson 2010).
Several studies developed methods for mapping global snow cover using optical data. Hall, Foster
et al. (1995), Hall, Riggs et al. (1995), Partington (1998), and Hall et al. (2002, 2010, 2015) calculated the
snow-extent variability using Landsat TM (Thematic Mapper) and ETM+ (Enhanced Thematic Mapper
Plus) and Terra MODIS (Moderate Resolution Imaging Spectroradiometer). Synthetic Aperture Radar
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Figure 1. Location of the Kraków Ice Field in the King George Island, Antarctica. The red square indicates the ground swath area of
the COSMO-SkyMed scenes used in this study.

(SAR) data have also used for snow-covered detection. RADARSAT, ERS and ENVISAT Advanced
Synthetic Aperture Radar (ASAR) images (C-band – 5.6 GHz) were used for the identification of radar
zones in glaciers (Forster et al. 1996; Braun & Rau 2000; Rau et al. 2000; König et al. 2001; Rao 2002;
Arigony-Neto 2006; Jensen 2007; Mendes 2011). The sensitivity of the radar signal to the snow-covered
properties, such as the presence of liquid water, makes it a highly valuable tool to study snow-covered
dynamics in remote areas, as demonstrated by Braun and Rau (2000) and Rau et al. (2000).
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The formation of the radar zones is determined by metamorphic processes within the snowpack,
driven by the meteorological conditions prior to and during image acquisition. Consequently, these
radar zones are dynamic on a time scale of days to weeks and exhibit remarkable inter-annual variations
(Rau et al. 2001). These changes represent the responses of the energy balance and are considered to
be a proxy of climatological variability, providing information regarding the occurrence of singular
high-temperature events affecting the uppermost areas of the glacial systems (Rau et al. 2000).
According to Liu et al. (2005), measuring the spatial extent of different snow zones and monitoring
the variations in the geographical position of the snow zone boundaries are important to the understanding of regional climatic fluctuation and the hydrological responses of stream systems. These snow
zones can be detected and monitored by SAR sensors. The microwave radiation emitted by these active
sensors is able to penetrate through clouds and most rain (CCRS 2002). Variations of the backscatter
values in radar images are the results of changes in the physical characteristics of terrain surfaces
illuminated by the radar beam, such as material sediment, moisture content, surface roughness and
its geometry (e.g. local incidence angle), as cited by Sarapirome et al. (1995). The side-looking viewing
geometry of imaging radar systems improves the recognition of glacial surface zones.
The advent of high-resolution X-band SAR images, like COSMO-SkyMed, allows to detect more
feature details and can be used to support glacial studies (ASI 2007; Battazza et al. 2007; Caltagirone
et al. 2007; Coletta et al. 2008; Covello et al. 2008; Rosa et al. 2013; Andrade et al. 2015).
This study aims to investigate the spatio-temporal variability of the wet snow, percolation and slush
(soaked) zones on the Kraków Ice Field, located in the King George Island (KGI), north-western tip
of the Antarctic Peninsula (Figure 1), using four COSMO-SkyMed images of different dates.
The Kraków Ice Field has tidewater glaciers with steep slopes, high ice flow velocities and extensive
crevasse fields, and some of the glaciers have termini on land, such as Wanda, Dragon and Professor.
The equilibrium line altitude in KGI occurs between 300 and 350 m (Simões et al. 2004)). According
to Braun and Rau (2000), the firn line elevations ranged between 160 and 270 m on KGI.
The maritime sub-polar climate in the South Shetland Islands is often affected by storms generated
in the Pacific Ocean, which results in high rates of local precipitation. The mean summer air temperature can reach 2.8 °C, which results in high melt-water production during the summer months
(Simões et al. 2004).
Ice temperature measurements have indicated that ice masses in the accumulation areas of KGI are
near to pressure melting points (Macheret et al. 1997; Simões et al. 2004; Travassos & Simões 2004).
Ground Penetrating Radar (GPR) reflections determined the internal structure with supraglacial,
englacial and subglacial meltwater drainage in the summer (2011) and evidenced a temperate ice in
the Wanda Glacier ablation area (Rosa, Fernandez et al. 2014).
Several studies have provided evidence of glacier retreat in the KGI since the mid-twentieth century
(Simões & Bremer 1995; Bremer 1998; Park et al. 1998; Simões et al. 2004; Braun & Gossmann 2002).
The Wanda, Viéville, Dragon and Krak glaciers, located in Kraków Ice Field, are small drainage basins
and show higher retreat rates through supraglacial fusion processes if compared to other glaciers in
KGI (Rosa, Freiberger et al. 2014, Rosa et al. 2015). Due to their thermal conditions, small sizes and
a high retreat rate Kraków glaciers can be respond rapidly to climatic variations and are relevant for
environmental studies (Rosa, Freiberger et al., 2014, Rosa et al. 2015).
The retreat of this glacier may be related to the atmospheric warming recorded over the last
60 years (Blindow et al. 2010). Over the past 30 years, the number of days with liquid precipitation
has increased in the summer, thereby accelerating the snowmelt of local glaciers (Ferrando et al. 2009;
Rosa, Fernandez et al. 2014)).

Dataset
We used two horizontal-polarized (HH) and two vertical-polarized (VV) images of COSMOSkyMed. This satellite/sensor is the largest Italian investment in space systems for Earth observation and was commissioned and funded by the Italian Space Agency (ASI). The COSMO-SkyMed
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Table 1. Characteristics of COSMO-SkyMed images used in this study.
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Acquisition date
22 January 2011
25 January 2011
10 February 2011
11 February 2011

Acquisition time
(UTC)
19 h 58 min 45 s
20 h 22 min 40 s
20 h 22 min 30 s
19 h 52 min 34 s

Satellite mission
CSK3
CKS1
CSK1
CSK2

Orbit number
12,142
19,904
19,667
17,193

Look angles near
– far range
43.023 – 43.431
28.329 – 28.992
28.295 – 28.958
45.553 – 45.916

Polarization
mode
VV
HH
VV
HH

mission consists of a constellation of four low Earth orbit mid-sized satellites, each equipped with
a multi-mode high-resolution SAR operating at the X-band (9.6 GHz), acquiring images every
12 h for a 600-km swath width. These satellites allow full global coverage and have an all-weather,
day/night acquisition capability, fast revisit/response time and interferometric/polarimetric capability. The images used in this study were acquired during our fieldwork, carried out in January
and February, 2011, in descending orbits and in spotlight mode, with ground resolution of 1 m,
covering approximately 100 km² of ground swath. Other characteristics of COSMO-SkyMed
images are described in Table 1.
The high-resolution DEM of the study area were generated by vertical aerial photographs at a scale
of 1:50,000, acquired on January 2003 by the Servicio Hidrográfico y Oceanográfico de La Armada de
Chile (SHOA). Control points in the Kraków Ice Field were surveyed in the summers of 2007, 2010
and 2011, by Differential Global Positioning System (DGPS), using a topographic receiver (model
GTRA). Besides that photographic records and a GPR survey were carried out by Rosa, Fernandez
et al. (2014) in January and February 2011, during the COSMO-SkyMed image acquisitions.
Daily mean air temperature and liquid precipitation records were obtained from the Eduardo
Frei Montalva Station (62°05′S, 58°23.5′W), a meteorological station managed by the Dirección
Meteorológica de Chile – Dirección General de Aeronáutica Civil, located at Fildes Peninsula, KGI.

Methodology
Image processing
The COSMO-SkyMed level 1A products (also indicated as Single-look Complex Slant – SCS) were used
in this work. These products are focused data, with internal radiometric calibration, in slant rangegeometric projection, with associated ancillary data. Data processing chain comprises the conversion
from intensity to amplitude values (dB), speckle filtering and geometric corrections. It was performed
using the open source software Next ESA SAR Toolbox (NEST – Array Systems Computing, Inc.).
A median filter (Rees & Satchell 1997) with a 5 × 5 kernel size was applied for speckle reduction of
the COSMO-SkyMed calibrated images. This filter effectively reduced the speckle noise, preserved the
edges between homogeneous areas and allowed good identification of the glacial surface characteristics. An experimental study performed by Arigony-Neto (2006) with ERS SAR and ENVISAT ASAR
images indicated that the median filter is one of the best algorithms for speckle reduction in glacial
environments, with high computational efficiency.
The slant-to-ground range correction was performed using image metadata and a DEM with a
ground resolution of 0.7 m. This high-resolution DEM and an orthophotomosaic were generated in a
digital photogrammetric station (Leica Photogrammetry Suite – Leica Geosystems, Inc.). The control
points used in the external orientation of these photographs were surveyed by DGPS in the summers
of 2007, 2010 and 2011. In the orthorectification of the COSMO-SkyMed images and SHOA aerial
photographs, the original pixel size was resampled to a ground resolution of 0.7 and 1 m, respectively,
using a bilinear interpolation. These data were represented in UTM projection and referenced to the
WGS84 ellipsoid. The planimetric root-mean-square error (RMSE) of our DEM and COSMO-SkyMed
images was 0.84 m and 1.2 m, respectively, which was considered satisfactory for the spatio-temporal
analysis of snow cover and supraglacial melting on the Kraków Ice Field.

Geocarto International

5

Downloaded by [Jefferson Simoes] at 02:31 02 December 2015

Figure 2. (A) Conversion from intensity to amplitude (dB), speckle filtering and orthorectification. (B) The COSMO-SkyMed images
were masked by a polygon digitized of the Kraków Ice Field catchment area. (C) Image classification by Euclidean distance algorithm
and image post-processing by morphological filter.

Image classification
We digitized the limits of the Kraków Ice Field catchment area and used them to mask the COSMOSkyMed orthorectified images. These clipped images were used to detect the wet snow and percolation
radar zones on the study area, by a minimum distance classifier, where each pixel was classified based
on its Euclidean distance from the classes’ means derived from training sites collected in these images.
Visual interpretation of COSMO-SkyMed images was supported by fieldwork carried out in January
and February 2011, during the same period of image acquisition. Training samples were collected
in transects, as represented in Figure 6(b). All of these samples were photographed and surveyed in
different glacial surface sites and their location was determined by DGPS survey. These data were
used in a GIS/remote sensing environment. Fieldwork data collection was planning according to the
presence of different targets (snow, slush and percolation zones, progressing from high to slow areas,
respectively) that indicated glacier surface changes during the images acquisition.
In this study, we used the backscattering and elevation thresholds of the percolation and the wet
snow radar zones determined by Rau et al. (2000) to classify these glacier zones in COSMO-SkyMed
images. The classified pixels were grouped into contiguous classes by clump analysis, and we eliminated
clumps smaller than 3 pixels using a morphological filter (Opening and Closing) to generate more
continuous radar glacier zones (Figure 2).
The high-resolution DEM generated in this study was used in ArcGIS environment to derive hypsometric, slope, aspect, horizontal and vertical curvature and solar radiation maps, which were compared
with the COSMO-SkyMed backscattering patterns and the radar zones classified in these images.
We examined the relationship between our mapped wet snow cover and melting dynamics and
daily mean superficial air temperature and liquid precipitation data in January and February 2011,
recorded by the Eduardo Frei Montalva Station (62°05′S, 58°23.5′W).

Results
The percolation, slush and wet snow radar zones classified in the COSMO-SkyMed images are show in
Figure 3. We evaluated the accuracy of these classified images by 240 samples randomly distributed in
the study area, and the minimum Kappa index was 0.81, which indicates very good strength of agreement with ground truth. In the COSMO-SkyMed images at the X-band, we could easily discriminate
two categories of wet snow radar zones from the percolation radar zone because they exhibited the
lowest backscattering values: these zones can also be observed in the statistical data (Table 2) calculated
from the training sites used in the supervised classification, described in the methodology section.
The vertically and horizontally co-polarized images were suitable to discriminate the wet snow
zone from the percolation radar zone of the study area. The high spatial and radiometric resolution
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Figure 3. Radar glacier zones on the Kraków Ice field at different acquisition dates, classified using COSMO-SkyMed imagery at (A) VV
polarization (22 January 2011); (B) HH polarization (25 January 2011); (C) VV polarization (10 February 2011); (D) HH polarization (11
February 2011). The most extensive melting area (slush and wet snow radar zones) was observed on February 11, when the liquid
water in the snow pack absorbed most of the radar signal.
Table 2. Backscattering (dB) of the frozen percolation, wet snow and soaked snow radar zones in the Kraków Ice Field, in the
COSMO-SkyMed images using VV polarization (22 January 2011).
Class (dB)
Frozen percolation zone
Wet snow zone
Soaked snow zone

Minimum
−20.058
−25.329
−24.730

Maximum
−4.767
−8.702
−11.374

Mean
−11.577
−15.702
−18.443

Std. Dev.
1.821
1.711
1.691

of the COSMO-SkyMed images acquired using the spotlight mode allowed the distinction of subtle
transitions of the backscattering between these radar zones, including the differences within the wet
snow radar zone, such as the slush snow areas mapped in this study.

Downloaded by [Jefferson Simoes] at 02:31 02 December 2015

Geocarto International

7

Figure 4. Hypsometric (A), slope (B), aspect (C) and solar radiation (D) maps derived from the high-resolution DEM generated in
this study.

Discussion
The most extensive melting areas observed in COSMO-SkyMed images occurred on February 11,
when the liquid water in the snow pack absorbed most of the radar signal (Figure 3(D)). Frequent
or occasional melt-freeze-cycles led to the formation of a percolation radar zone. The percolation
zone was more persistent in all images analysed, in the highest and southward areas, with a low solar
radiation incidence in the Kraków Ice Field (Figures 3(A)–(D) and 4(A)–(D)). However, there were
percolation zones near the lowest areas of the Wanda and Dragon glaciers, with both glaciers having
a terminus in Admiralty Bay and have thinning of the frontal ice mass (1–3 m). The highest areas of
the Kraków Ice Field close to the Admiralty Bay exhibited more percolation zones than the areas near
the Bransfield Strait (Figures 1 and 4(A)).
The wet snow radar zones have a smooth texture and dark appearance (i.e. low backscattering).
According to Rau et al. (2000), the penetration depth in the wet snow radar zones is reduced to only
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Figure 5. Temporal variations of mean daily air temperature and precipitation at site in January and February, 2011.

the uppermost centimetres. Several areas presented different rates of melting due to increases in the
liquid water content in the snowpack in the Kraków Ice Field, and as a result, there were areas with
lower backscattering signal (Figure 3). Thus, we distinguished two radar zones in the wet snow areas:
the classical wet snow radar zone and another category with more melting water, named in this study
as the slush snow radar zone. These categories belong to the same classical wet snow zone presented by
Rau et al. (2000), but they were classified just to discriminate two snow zones with different amounts
of liquid water, in order to analyse their spatio-temporal variability in the Kraków Ice Field during
the period analysed in this study.
The classified images indicated that the lowest areas of the ice field were slush and wet snow radar
zones (Figure 4(A)). The North, Northwest and Northeastward areas had more solar radiation and
were predominantly wet snow and soaked snow radar zones (Figures 3 and 4(C)).
The sequence of the positive surface air temperatures recorded in the meteorological data and
by field observations was related to the wet snow and soaked snow cover identified in the classified
images. Meteorological data indicated several days in a row with negative temperatures near the
acquisition of the COSMO-SkyMed images of 22 January 2013 and 25 January 2013 (Figure 5). This
situation could cause the refreezing of water in the snow pack, including the formation of numerous
subsurface ice pipes and lenses caused by melt-freeze cycles that are characteristic of a percolation
radar zone (Figure 3(B)). However, rainfall events (field observation in Figure 6) and the sequence
of the positive air temperatures caused the most extensive soaked snow radar zones identified in the
COSMO-SkyMed image of the February 11 date (Figure 3(D)).
Rainfall induces occasional run-off peaks. According to Benn and Evans (1998), the highest
weather-related discharges tend to be associated with high rainfall during summer storms and
run-off in the basin, therefore contribute to snow and ice melting. Relatively poor correlation
between run-off and meteorological variables during some days probably reflects a more complex
relationship between meteorological variations and meltwater generation during periods of high
snow precipitation.
The GPR data survey, which were obtained in January and February 2011 field activities (during
one image date acquisition), revealed supraglacial liquid water storage (Figure 6) and englacial water
inclusions along profiles of the Wanda glacier areas, located in the Kraków glacier (Rosa, Fernandez
et al., 2014).
The classified COSMO-SkyMed images provided information about the existence of the hydrological systems in the supraglacial area during the period of January–February. Liquid water can be
stored in a number of ways: in surface snow, in crevasses and in surface pools. Snow constitutes a
major portion of the glacierized area, which changes during a season (Fountain 1996). It is possible
to correlate the excess melting and rainfall peaks with discharge peaks in the glaciers. The meltwater
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Figure 6. Supraglacial liquid water storage in the Wanda Glacier. (a) and (b) Location of the field observation and GPR acquisition in
the end of January 2011. (c) Line L17 located in snout zone of the Wanda Glacier indicate supraglacial liquid water (slush) and wet
snow (HR reflector). The classes HR, H, BR, ID and BD in GPR sections represent Horizontal Reflections, Diffraction Hyperbolae, Bed
Reflections and Bed diffractions, respectively (Modified from Rosa, Fernandez et al., 2014). (d) and (e). Photographs of the L17 line
GPR position are obtained in January 2011, during data image acquisition in the field campaigns show wet snow zone (e) sectors
and (d) soaked snow areas.

produced in the wet snow zone, resulting in a loss of mass of the Kraków ice cap, can be potentially
discharged to Admiralty Bay and the Bransfield Sea. The data obtained can be used to determine the
melting patterns in the ablation season in the study area, and it can be used to analyse these phenomena in the other seasons.
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Conclusions
Surface snow cover is highly variable on the Kraków Ice Field. This variability was observed in field
measurements as well as in the active microwave data. The surface snow, slush and percolation zones
were identified on the Kraków Ice Field using a supervised classifier of minimum distance, considering
the backscattering values of training samples in the COSMO-SkyMed imagery.
The percolation zone was more persistent in the highest parts of the Kraków Ice Field. Moreover,
the highest areas of the Kraków Ice Field near Admiralty Bay exhibited more percolation zones than
the areas near the Bransfield Strait. These results were consistent with previous studies performed by
Vogt and Braun (2004), using ERS SAR images for the identification of radar zones in KGI glaciers
during the 1998 ablation season.
The accuracy of DEM and COSMO-SkyMed data showed was satisfactory for snow radar zones
determination in the analysed period. In comparison with other studies, as observed by Andrade
et al. (2015) for Polar Club glacier (KGI), the high spatial and radiometric resolution, the VV polarized
mode and incidence angle of the COSMO-SkyMed X-band images have high potential to discriminate
snow cover.
The sensitivity of the radar signal to the snow-covered properties, such as the presence of liquid
water, identified in this study, makes it a highly valuable tool to glacial melting dynamics analysis
in remote areas, as demonstrated by Braun and Rau (2000) and Rau et al. (2000). Meteorological
conditions prior to and during image acquisition have coherence of our mapped wet snow dynamics,
classified in the COSMO-SkyMed images. The snow cover in the study area changes on a time scale
of days to weeks, as observed by Rau et al. (2001) and Andrade et al. (2015).
Multitemporal COSMO-SkyMed snow-covered products and other SAR products provide the
possibility of observing the glacier surface zones with high temporal and spatial resolutions at different polarizations. This methodology allows to monitor the snowmelt in study area and other glacial
environments.
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