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Abstract: The classifi cation of Synthetic Aperture Radar (SAR) images by knowledge-
based algorithms with elevation and backscatter thresholds were used in several 
studies to detect the Wet Snow Radar Zone (WSZ) in the Antarctic Peninsula. To identify 
it more accurately based on its seasonal variations, this study proposed the additional 
use of a threshold in synthetic images, created by rationing summer and winter sigma 
linear images. In our algorithm we used the following thresholds to detect the WSZ in 
Envisat ASAR imageries, using the Radarsat Antarctic Map Digital Elevation Model as 
ancillary data: i) -25 dB < s0 < -14 dB; ii) slinear summer / slinear winter < 0.4; iii) elevation H < 
1,200 m for northern tip and H < 800 m for southern tip of the Antarctic Peninsula. The 
classifi ed images were post-processed by a focal majority 5 x 5 fi lter and superimposed 
by an image of rock outcrops derived from the Antarctic Digital Database. The ratio 
image threshold allowed discriminating the WSZ from the Dry Snow Radar Zone and 
radar shadows, as well as transitional areas between this glacier zone and the Frozen 
Percolation Radar Zone, which would be classifi ed incorrectly if we used only elevation 
and backscatter thresholds. 
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INTRODUCTION

The analysis of spatiotemporal variations of 
glacier facies, such as the Dry Snow Zone, 
Frozen Percolation Zone, Wet Snow Zone (WSZ), 
and Ablation Zone (Paterson 1994), can provide 
evidence of climate and glaciological changes 
in the Antarctic Peninsula (Rau et al. 2001, 
Cook & Vaughan 2010, Bevan et al. 2020). The 
WSZ extension, defi ned as the surface area of 
a glacier where the snowpack is saturated with 
water (Paterson 1994), can be used as input data 
in runoff modeling, to predict its impacts on local 
coastal environments and their contribution 
to sea-level rise. These glacier facies can be 
detected in radar imageries and when it is used 
this type of data they are called Radar Glacier 

Zones (RGZ): Dry Snow Radar Zone (DSRZ), Frozen 
Percolation Radar Zone (FPRZ), Wet Snow Radar 
Zone (WSRZ), and Bare Ice Radar Zone (BIRZ).

RGZ can be detected automatically in 
radar images from pixel-based or object-based 
classifiers. Using a Geographic Object-Based 
Image Analysis (GEOBIA) approach, Liu et al. 
(2006) delineated snow zones in a high-resolution 
Radarsat SAR image mosaic by segmenting it 
with a region growing and merging algorithm 
and classifi ed RGZ based on backscatter and 
texture properties of these segments. Besides 
that, applied context classifi ers for RGZ post-
classifi cation, to enable the generation of more 
continuous and coherent classes, according 
to the areal size and adjacency relationship 
between these glacier zones.
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Zhou & Zheng (2017) and Zhou et al. 
(in press) mapped radar glacier zones in 
the Antarctic Peninsula by using Sentinel-1 
images, based on backscatter coefficient and 
elevation thresholds, and a decision-tree 
classification method. Fu et al. (2020) proposed 
the application of a supervised Support Vector 
Machine (SVM) classification and a simple 
decision-tree classification method to detect 
radar glacier zones in the Antarctic Peninsula 
using Polarimetric SAR. They found that the 
polarimetric decomposition produced better 
glacier zones recognition because of its ability 
to detect scattering procedures and scattering 
mechanisms. 

Besides GEOBIA and SVM, one of the most 
used techniques for RGZ classification is based 
on slicing SAR (Synthetic Aperture Radar) images 
with backscatter thresholds, as seen in Jezek et 
al. (1993), Partington (1998), Braun et al. (2000), 
Rau et al. (2001, 2004), Rau & Braun (2002), Rau 
(2003), Ramage & Isacks (2003), Arigony-Neto 
(2006, 2009), Arigony-Neto et al. (2006, 2007, 
2009), Mendes Jr. et al. (2009) and Huang et al. 
(2013).

Arigony-Neto (2006) developed a decision 
rule algorithm to detect RGZ in ERS 1 and 2 AMI 
SAR (European Remote Sensing Satellite - Active 
Microwave Instrument SAR) and Envisat ASAR 
(Environmental Satellite - Advanced SAR). In this 
classification algorithm, pixels were allocated to a 
given RGZ in SAR images according to normalized 
backscatter coefficient (sigma naught - s0) and 
elevation thresholds, automatically extracted 
from a Digital Elevation Model (DEM). In the Ph.D. 
thesis and derived papers published by this 
author (e.g., Arigony-Neto et al. 2006, 2007, 2009) 
the RGZ classification was performed only in 
glacier centerlines of the Antarctica Peninsula, to 
avoid geometric distortions and the topographic 
effects of snow and ice backscattering, which is 
inherent to SAR images.

Image rationing techniques can also 
be applied for the WSRZ classification. This 
methodology consists of using SAR images 
acquired in seasons marked by surface melting 
and refreezing processes in glaciers and 
consequently variations in radar backscatter. 
Based on this approach, Arigony-Neto (2009) 
developed a decision rule algorithm for WSRZ 
detection in the Antarctic Peninsula, by using 
s0 thresholds defined by Rau et al. (2001) and 
empirical threshold values of synthetic images, 
derived from rationing austral summer and 
winter ASAR images in sigma linear scale (i.e., 
intensity values). 

This study aims to improve these WSRZ 
classification methods by combining decision 
rules proposed by Arigony-Neto (2006, 2009) in 
one snowmelt retrieval algorithm, to detect this 
glacier facie more accurately in the Antarctic 
Peninsula.

GLACIER FACIES DETECTION 
IN RADAR IMAGES

A glacier can be defined as a mass of snow 
and ice that moves continuously by creep 
(internal deformation) or basal sliding, from 
a higher to a lower area. However, a glacier is 
not a homogeneous mass of snow and ice. It 
can be divided into facies or zones, according 
to changes of its superficial and internal 
characteristics (Paterson 1994), distributed in 
the following order, from the highest areas to its 
frontal position (Figure 1): Dry Snow Zone, Frozen 
Percolation Zone, Wet Snow Zone, Superimposed 
Ice zone, and Ablation Area.

The Dry Snow Zone is characterized by 
small grain sizes and is located in higher areas 
of glaciers, where there is no melting even in 
the summer, being restricted to areas in the 
interior of Antarctica and Greenland, where the 
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surface air temperature never rises above the 
melting point. On the other hand, some surface 
melting happens in the Frozen Percolation Zone, 
and the water percolates down a few meters 
and refreeze, forming vertical structures (e.g., 
canals and ice glands) and horizontal structures 
(e.g., ice layers or lenses). This glacier zone is 
marked by large grain sizes, resulting from melt-
freeze metamorphism. The Wet Snow Zone is 
characterized by snow with liquid water, caused 
by surface melting in the ablation season. 
The Superimposed Ice Zone presents melting 
water, merged ice structures like ice layers, 
lenses and glands, forming a continuous mass 
of superimposed ice. The Ablation Area is an 
irregular surface of exposed glacier ice, with the 
presence of some remaining snow and/or firn 
patches. Figure 1 describes the s0 values of the 
RGZ for SAR images acquired in the C-band, at 
VV polarization, during the austral summer in 
the Antarctic Peninsula, according to Rau et al. 
(2001).

In different snow zones, the size and 
density of the snow grain, the stratigraphy, the 
surface roughness and the water content of the 
snowpack are different. These factors affect 
the surface and backscatter intensity of the 
radar signal volume, and hence the brightness 
variation in radar images. In the DSRZ, thaw does 
not occur even during the summer, containing a 
low density of snow at the top, uniform crystals 
of small grain size and a layer of moderate 
snow, with no layers of ice related to the melt. 
The interaction between the radar signal and 
the snowpack is dominated by the dispersion 
of the volume below the snow surface. Due to 
the high penetration depth (about 20 m) and 
predominant volume spread, the dry snow zone 
is characterized by low backscatter (Fahnestock 
et al. 1993, Jezek et al. 1993,  1994).

This low backscatter is also found for the 
WSRZ region, where surface melting is intense 
and vigorous. The top snow layer gets wet 
during the summer. There is a strong seasonal 

Figure 1. Classical glacier facies as described by Paterson (1994) and corresponding RADAR glacier zones as 
detected by SAR sensor. Modified after Rau et al. (2001).
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dependence on the radar backscatter associated 
with the occurrence of the melt. During 
summers, the radar signal penetration depth 
is drastically reduced to the upper 3–4 cm due 
to the presence of high liquid water content in 
the snow cover. Increasing wet snow absorption 
strongly decreases the strength of backscatter 
intensity (Jezek et al. 1993, 1994, Partington 1998).

The different gray tones of the DSRZ and 
FPRZ in radar images allow identifying the 
percolation line, while variations in gray tones 
between the FPRZ (light gray) and WSRZ (dark 
gray) can be used to delimit the wet snow line. 
Besides, the position of the snow line of a 
glacier, which indicates the current extent of the 
ablation area, can be identified in the transition 
of the gray tones of the FPRZ and BIRZ. The 
vertical and horizontal structures in the FPRZ 
reach dimensions similar to the wavelength of 
the SAR, producing strong signal returns, and 
consequently, this RGZ has lighter gray tones 
in these images than the other glacier facies 
(Figure 1). The variations in the extent and 
elevation of these boundaries between glacier 
facies are responses to changes in energy 
and mass balance and, therefore, may reveal 
changes in local and regional glaciological and 
climatological conditions (Vogt & Braun 2004).

The radar data enables the spatial detection 
of RGZ, with the potential to reveal considerable 
qualitative information on the melting dynamics 
in the snowpack (Vogt & Braun 2004). Besides, the 
most suitable images for the WSRZ classification 
can be obtained from these active sensors even 
in low sunlight and under cloud cover, which are 
frequent conditions in the Antarctic Peninsula 
and which make it difficult to obtain regular 
images by optical sensors in this area (Bremer 
et al. 2004). Furthermore, optical imageries are 
not suitable to identify the Frozen Percolation 
Zone and the Dry Snow Line (DSL), because 
the optical properties of ice crystals radiance 

measured on glaciers at visible and infrared 
wavelengths depends on properties of a few 
centimeters (10-20 cm) of the snowpack, not 
being sensitive to the presence or absence of 
slight wetting or refreezing in the snowpack.

Among data from microwave active sensors, 
images from the ASAR sensor can be applied 
in the study of snow and ice masses. Onboard 
satellite Envisat and operating from 2002 to 2012 
in the C band (i.e., 5.6 cm wavelength), the ASAR 
sensor can obtain images that could be used to 
discriminate RGZ. This sensor had a Wide Swath 
mode, with a spatial resolution of 150 m and 405 
km swath width, therefore being applicable for 
studies on a regional scale, as in the case of the 
Antarctic Peninsula. Besides, ASAR sensor could 
obtain daily images of the polar regions in this 
acquisition mode.

THE ANTARCTIC PENINSULA

The Antarctic Peninsula is surrounded by the 
Bellingshausen and the Weddell seas (Figure 
2). It is about 1,500 km long, extending almost 
longitudinally between latitudes 63° S and 75° 
S, being composed of an internal plateau with 
a mean elevation of 1,500 m. Its width varies 
from 35 km in the far north to almost 300 km at 
latitude 75° S. 

In the northeast (Prince Gustav and Larsen 
B Ice Shelf), east and southeast (Larsen C Ice 
Shelf) regions of the Antarctic Peninsula, the 
climate is pseudocontinental, cold and dry. The 
climate of these regions is influenced by cold 
and dry winds from the Weddell Sea, and by 
catabatic winds from the interior of the Antarctic 
Ice Sheet, which is deflected by the orographic 
barrier of the Antarctic Peninsula plateau. The 
western region of the Antarctic Peninsula (George 
VI and Wilkins Ice Shelf) is influenced by hot 
and humid winds from the Bellingshausen Sea. 
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The climate is maritime polar, hotter and wetter 
(higher precipitation rate) than the east coast 
of the Antarctic Peninsula. The mean annual 
atmospheric temperatures over the Weddell Sea 
is about 7°C lower than that of Bellingshausen, 
at points of the same latitude and altitude 
(Morris & Vaughan 2003).

This peninsula had strong and statistically 
significant warming over the last 60 years (Jones 
et al. 2019). Among other consequences, this 
warming trend caused significant changes in 
glacial systems of the Antarctic Peninsula, such 
as the reduction of seasonal sea ice, increasing 
trend in melting conditions, retreat of glacier 
fronts, and break-up and disintegration of ice 
shelves (Scambos et al. 2000, Cook & Vaughan 

2010, Trusel et al. 2012, Bevan et al. 2020). 
The persistent and intense meltwater fluxes 
contributed to accelerate the retreat of Antarctic 
Peninsula ice shelves, as reported by Scambos 
et al. (2000), Van den Broeke (2005), Trusel et al. 
(2013) and Bevan et al. (2020).

MATERIALS AND METHODS

The procedures applied in this study can 
be divided into two main steps: image pre-
processing (comprising radiometric calibration, 
speckle noise filtering, and geometric data 
corrections) and the WSRZ detection in ASAR 
images, covering the Antarctic Peninsula.

Figure 2. Location 
map of the Antarctic 
Peninsula. The Digital 
Elevation Model is 
from the Radarsat 
Antarctic Mapping 
Project (Liu et al. 
2001).
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Pre-processing of ASAR images
To cover the entire continental area of the 
Antarctic Peninsula, we used three ASAR images 
on the wide swath mode at VV polarization.  
To analyze melting and re-freezing events of 
the snow, we used ASAR images of November 
2006, of the ablation periods in Antarctica (i.e., 
between December and February) of 2006/2007, 
and of March and April 2007. Besides, ASAR 
images from the austral spring and winter of 
2006 and austral autumn of 2007 were used 
for their application in our WSRZ classification 

method. The complete list of ASAR WS images 
used in this study is described in Table I.

The ASAR WS images used in this study 
were type 1P, a multi-look detected product with 
radiometric corrections related to the antenna, 
without georeferencing and corrections for the 
radiometric effects induced by the illuminated 
terrain, with data in the ground range projection 
(ESA 2007). These images were imported into the 
Sentinel Application Platform (SNAP), which is a 
free software developed by the European Space 
Agency (ESA 2020) for processing images from 

Table I. Date of acquisition and track/frame of ASAR images on wide swath mode (VV polarized) used in the 
classification of the Wet Snow Zone in the Antarctic Peninsula.

ASAR classified images (dB and linear scales) ASAR reference images (linear scale)
Date Track Frame Polar. Date Track Frame Polar.

11/15/2006 23*
1149, 1155

VV
06/28/2006

23*
3259, 3321

VV
1153 08/02/2006 3265

11/21/2006 109
1163, 1167

VV
07/04/2006

109
3263, 3187

VV
1165 09/12/2006 3253

12/01/2006 252*
1169, 1173

VV
06/28/2006

23*
3259, 3321

VV
1171 08/02/2006 3265

12/07/2006 338
1175, 1179

VV
07/20/2006

338
3277, 3275

VV
1177 06/15/2006 3179

12/20/2006 23*
1181, 1185

VV
06/28/2006

23*
3259, 3321

VV
1183 08/02/2006 3265

12/23/2006 66 1187, 1189, 1040 VV 06/16/2007 66 3267, 3269, 3323 VV

12/26/2006 109
1042, 1046

VV
07/04/2006

109
3263, 3187

VV
1143 09/12/2006 3253

01/05/2007 252*
1048, 1052

VV
06/28/2006

23*
3259, 3321

VV
1050 08/02/2006 3265

01/24/2007 23
1054, 1058

VV
06/28/2006

23*
3259, 3321

VV
1056 08/02/2006 3265

01/27/2007 66 1060, 1145, 1123 VV 06/16/2007 66 3267, 3269, 3323 VV

02/12/2007 295*
3715, 3719

VV
06/28/2006

23*
3259, 3321

VV
3717 08/02/2006 3265

03/03/2007 66 3307, 3305, 3303 VV 06/16/2007 66 3267, 3269, 3323 VV

03/22/2007 338
3295, 3291

VV
07/20/2006

338
3277, 3275

VV
3293 06/15/2006 3179

04/10/2007 109
3285, 3281

VV
07/04/2006

109
3263, 3187

VV
3283 09/12/2006 3253

* Images from the tracks # 23, 252 and 295 were acquired with the same antenna incidence angle.
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several SAR sensors, including Envisat ASAR. The 
SNAP toolboxes were used for the radiometric 
calibration, speckle filtering, georeferencing and 
orthorectification of these images, performed 
by a processing workflow built in that software.

The radiometric calibration of ASAR images 
in SNAP was based on Rosich & Meadows 
(2004), where the main input parameters are 
the incidence angle, the absolute calibration 
constant, the antenna gain pattern and the 
range spread loss (ESA 2007).

The speckle noise filtering was the next 
step in our processing workflow. We applied a 
median 3x3 filter, which effectively reduced the 
speckle, while at the same time preserved edges 
between the glacier zones. Besides, median 
filter, in addition to being a simple and easy 
computational method, requires a relatively low 
processing time compared to other filters (Rees 
& Satchell 1997) and could be considered as one 
of the most efficient methods used in SAR image 
filtering for the RGZ classification (Arigony-Neto 
2006).

In orthorectification, SNAP uses embedded 
metadata of SAR images (i.e., acquisition 
geometry, sensor parameters, orbit and 
ephemeris data) and elevation data from an 
external DEM. For that, we used the Radarsat 
Antarctic Mapping Project - RAMP (Liu et al. 1999,  
2001), which has a spatial resolution of 200 m 
and coordinates in the polar stereographic 
projection system, which was converted to 
geographical coordinates, and referenced to 
the World Geodetic System 1984 (WGS84). These 
are the same cartographic references of ASAR 
metadata and were also used to generate the 
orthorectified ASAR images, resampled by the 
nearest neighbor interpolation method, which 
better preserves the original backscatter values 
than bilinear or cubic convolution methods.

The orthorectified images were exported 
to GeoTiff format and imported into ERDAS 

ImagineTM (Leica geosystems, Inc.), which 
was used for the conversion of geographical 
coordinates to the Lambert azimuthal equal-
area projection system, which is recommended 
by the Scientific Committee on Antarctic 
Research (SCAR) for the quantification of areas 
and distances in polar regions, on maps of 
scales greater than 1:1,000,000 (SCAR 2000).

Wet Snow Radar Zone classification in ASAR 
images
The orthorectified ASAR WS images were used 
in the WSRZ classification of glaciers in the 
Antarctic Peninsula. The vector file of the ADD 
coastlines (Gerrish et al. 2020a) was used to 
mask ASAR data located only in the continental 
area of the Antarctic Peninsula. Subsequently, we 
performed the WSRZ classification in ASAR WS 
mosaics, applying the classification algorithm by 
decision rules developed by Arigony-Neto (2006, 
2009), implemented in the Spatial Modeling 
Language (SML) of Erdas ImagineTM software. In 
the algorithm proposed by Arigony-Neto (2006), 
the WSRZ was classified according to backscatter 
thresholds (-14 dB > s0 > -25 dB), based on Rau 
et al. (2001), and to elevation (H) thresholds of 
the northern and southern tips of the Antarctic 
Peninsula (H < 1200 m for the northern tip and H 
< 800 m for the southern one), defined by Rau & 
Braun (2002) and Rau (2003).

The northern and southern boundaries 
of the Antarctic Peninsula were digitized as 
polygons and were after converted to the raster 
format. Each of these regions was assigned with 
a distinct attribute and its values were used 
in the classification algorithm. The elevation 
thresholds make it possible to discriminate the 
DSRZ from the WSRZ, because they could have 
the same radar backscatter values, between -14 
dB and -20 dB (Rau et al. 2001).

In our snowmelt retrieval algorithm, we 
used simultaneously the thresholds defined 
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by Arigony-Neto (2006, 2009) for the WSRZ 
classification. In addition to the backscatter 
thresholds of Arigony-Neto (2006), based on 
Raul et al. (2001) (Figure 1), the classification 
algorithm of Arigony-Neto (2009) has a threshold 
for synthetic images calculated from rationing 
ASAR images in sigma linear scale acquired 
from the ablation and accumulation periods, 
respectively. This author observed that pixels 
with values less than 0.4 in synthetic images 
resulting from rationing SAR images of summer 
(or obtained close to this season) and winter, 
both on the linear sigma scale (slinear summer / 
slinear winter < 0.4), correspond to WSRZ areas. This 
condition is also met when a given co-registered 
pixel of ASAR images has a backscatter value 
between -14 dB and -25 dB. 

After the WSRZ detection, we applied a focal 
majority 3 x 3 filter in the WSRZ classified images, 
for clumping isolated and misclassified pixels, to 
generate more contiguous and coherent classes, 
following the classification algorithm proposed 
by Arigony-Neto (2009). This filter allows, starting 
from a pre-established window size, to replace 
cells of a raster based on the value found in 
most of its contiguous neighbor cells. For this 
to occur, two criteria must be previously met. 
The first is that the number of neighboring cells 
of a similar value must be large enough (being 
most or half of all cells) and these cells must be 
contiguous around the center of the filter core. 
The second criterion is related to the spatial 
connectivity of cells, minimizing the corruption 
of cellular spatial patterns (ESRI 2021).

Our classification algorithm was not 
developed for the rock outcrops detection, due 
to the similarity of their radar backscatter with 
the FPRZ and BIRZ. Thus, the WSRZ classified 
images were overlapped with the rock outcrops 
delimitation of the Antarctic Digital Database 
(ADD) (Gerrish et al. 2020b). The remaining 
continental areas of the Antarctic Peninsula 

were called a Dry Snow and Ice Radar Zone 
(DSIRZ), characterized by the absence of snow 
with liquid water, comprising the DSRZ, FPRZ 
and BIRZ. The processing workflow used in the 
WSRZ classification in ASAR WS images (Figure 4) 
is presented in Figure 3.

To improve the classification of glacier 
zones, we mapped the mean air temperature at 
2 meters (T2m) of the period between the date 
range of the Envisat ASAR images, allowing us 
to visualize the relationship of the evolution 
of the WSZ area with the T2m. Furthermore, 
the regions with DSRZ can be identified based 
on the DSL delimitation in which there is an 
air temperature isotherm of -11° C (Peel 1992), 
represented together in the maps. Researchers 
such as Storvold & Malnes (2004) and Zhou et al. 
(in press) used air temperature data to improve 
the ranking between the DSRZ and WSRZ.

T2m data were obtained using the 
atmospheric reanalysis model European 
Reanalysis Agency 5 (ERA5), made available by 
the European Center for Medium-Range Weather 
Forecasts (ECMWF). The data used have a spatial 
resolution of 0.25° x 0.25° and daily temporal 
resolution. Tetzner et al. (2019) and Hillebrand 
et al. (2021) indicate the use of ERA5 in relation 
to its predecessor ERA-Interim, as it presents 
a better accuracy of T2m in regions with high 
altitudes.

RESULTS AND DISCUSSION

The decision rules of our snowmelt retrieval 
algorithm associate a given pixel of one ASAR WS 
mosaic to a WSRZ when all threshold values are 
met in this SAR image (radar backscatter), RAMP 
DEM (elevation data) and the correspondent 
ASAR synthetic image (ratio value). The results 
of the application of these decision rules for all 
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Figure 3. Snowmelt retrieval algorithm for the Antarctic Peninsula using ASAR images. In this example, we describe 
the classification of images acquired on January 24th, 2007. The Wet Snow Radar Zone (WSRZ) classified image was 
post-processed by a focal majority filter with 5 x 5 pixels and then overlapped by a rock outcrops image derived 
from the Antarctic Digital Database. The unclassified continental areas were assigned to Dry Snow and Ice RADAR 
Zones (DSIRZ), which comprises the Dry Snow Radar Zone, Frozen Percolation Radar Zone and Bare Ice Radar Zone. 
The location of image subsets from Figure 7 is indicated by a yellow rectangle.
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Envisat ASAR images classified in this study area 
are presented in Figure 4. 

The RGZ does not correspond to the 
classical glacier facies as described by Paterson 
(1994). The backscattering values measured on 
glaciers depend on sensor characteristics (e.g., 
wavelength, incidence angle, polarisation) and 

snowpack parameters (e.g., liquid water content, 
snow density, stratigraphy, grain size, and 
surface roughness). Thus, RGZ is determined 
by the superficial properties of glaciers, while 
the classical glacier facies depend on the 
properties of the entire snowpack from the 
last accumulation season (Paterson, 1994). 

Figure 4. Classified 
ASAR images of the 
Antarctic Peninsula 
(Wet Snow Radar 
Zone – WSRZ; Dry 
Snow and Ice Radar 
Zones – DSIRZ; and 
rock outcrops), with 
their respective dates 
of acquisition and 
quantified superficial 
snowmelt areas (km2).
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Nevertheless, the position of the limits between 
RGZ (i.e., DSL, wet snow line, snow line, and 
glacier frontal position) is considered a proxy for 
glacier mass balance and recent meteorological 
conditions (Arigony-Neto 2006).

The RGZ backscatter values vary seasonally. 
Throughout the year, the FPRZ has the greatest 
radar backscatter, appearing in lighter gray 
tones in SAR images. In this glacier zone, the 
successive events of melt-freeze metamorphism 
generate large snow grains, which causes strong 
volume backscattering. In the summer, higher 
backscatter values occur in the BIRZ (medium 
gray tones in the images), while lower values 
(darker gray tones) in the DSRZ and WSRZ (Figure 
1).

Snow melting occurs during the ablation 
period in the WSRZ areas and, consequently, 
radar backscatter decreases due to the 
microwave absorption by the liquid water 
content, while in winter, backscatter increases 
due to the refreeze of the liquid water. According 
to Liu et al. (2006), the surface melting areas 
in the Antarctic continent generally expand 
from the coast toward the interior, from lower 
to higher latitude (latitudinal factor), and from 
lower to higher elevation (elevation factor). The 
longitudinal factor is also very important for the 
Antarctic Peninsula, because the eastern and 
western regions have different climate types. 

To relate the climatic factor with the 
evolution of the WSRZ area, Figure 5 shows the 
maps of T2m averages between the image dates, 
obtained through the atmospheric reanalysis 
model ERA5 for the continental and oceanic 
regions located near the Antarctic Peninsula. By 
relating Figure 4 to Figure 5, we observe that the 
enlargement of the WSRZ area is linked with the 
retraction to the south of the -11°C isotherm, the 
threshold temperature for mapping the DSRZ 
regions (Peel 1992). Zhou et al. (in press) also 
used this type of delimitation between DSRZ and 

WSRZ in intense melting events with analogous 
backscatter characteristics.

In our time series analysis of ASAR images 
(Nov. 2016 – Mar. 2017), we observed that the 
snowmelt onset was in mid-November 2006 
(Figures 4a and 4b), in the northwest region of the 
Antarctic Peninsula. This region is characterized 
by the highest surface air temperatures, and the 
greatest seasonal and interannual variability of 
the Antarctic Peninsula (Skvarca & De Angelis 
2003). Snowmelt areas were detected on the 
South Shetland Islands, where a mean surface 
air temperature of about -2.30 ±0.5 °C on 
11/15/2006 was recorded by the ERA5 model 
(Figure 5a). We also detected some snowmelt on 
glaciers in the northwest (Trinity Peninsula) and 
west regions of the Antarctic Peninsula (until 
latitude 67° S – near Adelaide Island), except on 
the Detroit, Bruce and Avery plateaus.

In early December 2006 (Figure 4c), the 
northwestern surface melt areas increased, 
finally appearing in the northeastern region 
of the Antarctic Peninsula. In addition, surface 
melt was detected in the Wilkins and George VI 
ice shelves (SW of the Antarctic Peninsula), in 
remnants of the Larsen B ice shelf (NE), and the 
northern region of the Larsen C ice shelf (E). In 
the lower elevation areas, located in the Larsen 
C ice shelf, were observed greater variations in 
backscattering, varying from lighter gray tones 
(0 to -8 dB) to darker ones (-14 to -20 dB). The 
former corresponds to a FPRZ, with strong 
backscatter from subsurface ice layers, and the 
latter to a WSRZ, because the major liquid water 
content in the snowpack in these areas absorbed 
drastically the radar signal, as detected in ASAR 
images from January 2007.

From January 2007 (Figure 4h) these melt 
areas expanded to the southern region of the 
Larsen C ice shelf, reaching their maximum 
extent at the end of that month (Figure 4j). In 
early February 2007 (Figure 4k), the melt areas 
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on the Larsen C platform began to significantly 
reduce, when the mean surface air temperature 
was about 4.31 ± 1.75 °C (Figure 5k).  

In subsets of ASAR WS images covering the 
Larsen C ice shelf and the Bruce plateau (Figure 
6), acquired during the austral summer of 2006-
2007, it can be observed in the highest areas 
of the Bruce plateau that the DSRZ had lower 

backscatter values (-14 to -25 dB) because there 
is no melting in the superficial snowpack. In the 
same area at the end of February, liquid water 
was refrozen in the snowpack, and the WSRZ 
turned into a FPRZ class (Figure 6d). This month 
the reduction in melt areas was less intense on 
the Wilkins and George VI ice shelves, where the 
surface air temperature was higher. This was 

Figure 5. Spatialization 
of T2m in the oceanic 
and continental 
regions of the Antarctic 
Peninsula, obtained 
of the atmospheric 
reanalysis model ERA5, 
for the period covered 
by the radar glacier zone 
mapping.
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because glaciers in the western region may have 
higher surface air temperatures than those in 
the eastern region of the Antarctic Peninsula, 
even if they are at higher latitudes, due to 
influences from the maritime polar climate.

The WSRZ could be discriminated from the 
FPRZ and BIRZ only with backscatter thresholds 
of Rau et al. (2001). However, the WSRZ and 
DSRZ have similar backscatter values (-14 to -20 
dB) and it is necessary an additional elevation 
threshold to discriminate them, but some 
issues will occur with the same backscatter 
ranges between these glacier zones and radar 
shadows. Glacier zones with greater variations 
of backscatter values in SAR images during the 

ablation and accumulation periods could be a 
WSRZ class since the synthetic image had a value 
greater than or equal to 0.4. This ratio threshold 
in SAR synthetic images allows to discriminate 
the WSRZ from radar shadows and also from the 
DSRZ, which have low or no backscatter seasonal 
variations, with ratio values close or equal to 1. 
Other techniques are also applied to detect very 
similar changes in backscattering, such as the 
Baghdadi algorithm and the Nagler algorithm 
that allow the detection of similarities. For 
this, the current SAR image of wet snow (σws) 
is compared to a reference image (σref) from a 
period when the snow is dry, or a period when 
the ground is not covered with snow, setting to 

Figure 6. Subset of ASAR image on wide swath mode used in this study (dB scale), acquired in the austral summer 
of 2006-2007, covering the Larsen C ice shelf and the Bruce plateau. Dry Snow Radar Zone (DSRZ), Percolation 
Radar Zone (FPRZ) and Wet Snow Radar Zone (WSRZ) areas were classified in these images based on their 
backscatter values. The lighter gray tones represent higher backscatter values from the FPRZ areas, while the 
darker ones represent smaller backscatter values from the DSRZ and WSRZ areas.
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pixels where (σws /σref) < -3 dB as wet snow 
(Thakur et al. 2013). As this type of relationship 
between images is very spatially limited, 
this analysis was not applied to the Antarctic 
Peninsula.

Figure 7 shows two subsets of ASAR WS 
images with backscatter values in linear scale, 
acquired in the austral summer (01/24/2007) and 
winter (02/08/2007). In the Avery Plateau, where 

elevation is higher than 1.200 m, darker gray 
tones (Figure 7c) and no seasonal variation of 
gray tones (Figures 7a and 7b) were observed in 
ASAR images, because there was no melting on 
the superficial snowpack, which is characteristic 
of the DSRZ.  This elevation threshold of Arigony-
Neto (2006), used in our classification algorithm, 
is in the agreement with Fu et al. (2000). These 
authors classified glacier zones in ENVISAT ASAR 

Figure 7. Subsets of 
ASAR images acquired 
on 01/24/2007, in 
linear (a) and decibel 
(c) scales, and on 
02/08/2006, in 
linear scale (b). The 
location of these 
image subsets is 
shown as a yellow 
rectangle in Figure 
3c. The elevation 
thresholds of 1,200 
m and 800 m were 
used for the northern 
and southern tips 
of the Antarctic 
Peninsula in our 
snowmelt retrieval 
algorithm. In image 
C, we identified the 
Frozen Percolation 
Radar Zone (FPRZ), 
Wet Snow Radar Zone 
(WSRZ) and Dry Snow 
Radar Zone (DSRZ) 
based on elevation 
and backscatter 
thresholds. In the 
classified ASAR image 
d, we mapped the 
elevation data from 
the RAMP Digital 
Elevation Model, 
and the classified 
WSRZ areas resulted 
from the application 
of decision rules 
proposed by Arigony-
Neto (2006, 2009). 
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wide swath images with HH polarization and full-
polarimetric Radarsat-2 images, and based on 
ICESat (Ice, Cloud, and Land Elevation Satellite) 
DEM and ASTER (Advanced Spaceborne Thermal 
Emission and Reflection Radiometer) stereo 
images, found a mean elevation of about 1,200 
m for the transition of DSRZ from the FPRZ on 
the northern Antarctic Peninsula.

Figure 7c shows the ASAR WS mosaic from 
01/24/2007 with backscatter values in decibels 
and the identification of glacier zones with the 
elevation thresholds used in our snowmelt 
retrieval algorithm. We can observe that in areas 
with elevation lower than our thresholds in 
Figure 7c (800 m in the southern tip and 1,200 
m in the northern tip of the Antarctic Peninsula) 
there was a variation from darker gray tones 
(lower backscatter - Figure 7a) to lighter gray 
tones (higher backscatter - Figure 7b). In Figure 
7d, the WSRZ areas classified by the decision 
rules used in this study (i.e, based on Arigony-
Neto 2006, 2009) were mapped in dark blue color, 
while in dark and light blue are the WSRZ areas 
classified by using the elevation and backscatter 
thresholds defined by Arigony-Neto (2006).

The evaluation of the WSRZ classification 
accuracy was not carried out in this study, due 
to the large extension of the study area, which 
covers the entire area of the Antarctic Peninsula. 
We observed the WSRZ area classified by using 
decision rules from Arigony-Neto (2009) will 
always be smaller than that of Arigony-Neto 
(2006), since in the former algorithm the image 
ratio criteria must be met in addition to the 
backscatter thresholds of the RGZ. In Figure 7d, 
the WSRZ detected by the decision rules from 
Arigony-Neto (2006) included all WSRZ areas 
detected by the Arigony-Neto (2009) algorithm, 
in addition to RADAR shadows and transition 
areas between the WSRZ and FPRZ (i.e, from -8 
to -14 dB). These transitional areas within the 
percolation and wet snow zones seen in the 

multi-temporal SAR imagery could be explained 
by the presence of some snowmelt in the 
FPRZ, which in summer lowers the s0 by a large 
amount, as reported by Partington (1998), Mora 
et al. (2013) and Fu et al. (2020). They would not 
be classified as WSRZ by the Arigony-Neto (2009) 
algorithm, which was applied in this study, as 
small seasonal variations of their backscatter 
resulted in ratio images with values greater than 
our defined threshold equal to 0.4. 

With the application of our image rationing 
technique, we can identify ambiguities existing 
between the DSRZ and WSRZ, the FPRZ with 
other illuminated targets (such as rock 
outcrops). Furthermore, in SAR images there 
can be ambiguities between the backscattered 
signals from the FPRZ with geometric effects 
related to relief displacement of foreshortening 
and inversion of features (layover), and from the 
DSRZ and WSRZ with radar shadowing (Liu et al. 
2006). These ambiguities cannot be detected by 
the pixel allocation technique and, therefore, 
our image rationing technique can be used as a 
way to discriminate RGZ from geometric effects 
caused by induced-relief geometric distortions, 
thus improving the classification process. Other 
ways of discriminating RGZ from these geometric 
relief effects would be to segment SAR images, 
classify segments related to these geometric 
effects and then apply topological neighborhood 
rules to assign them to a given RGZ class, as 
proposed by Liu et al. (2006), or following the 
procedures of Fu et al. (2020), that discriminated 
dry and wet glacier zones in full-polarimetric 
data by a supervised SVM classification and a 
decision-tree classification method.

For the correct application of our image 
rationing technique, the SAR images acquired 
in the ablation and accumulation periods 
must have been obtained with the same 
incidence angle, wavelength, amplitude, 
phase, polarization and acquisition mode. The 
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reference images should preferably be from the 
winter before or after the ablation images, so 
that the WSRZ variations represent the seasonal 
cycle of ablation and accumulation periods. 
This way, cumulative effects on the superficial 
glacier facies are attenuated by processes of 
ablation (snow melting, evaporation, calving, 
wind erosion, avalanches, etc.) or accumulation 
(precipitation of snow, ice or rain, transport of 
snow and ice to a glacier, avalanches, etc.).

CONCLUSIONS

Based on the results obtained in this study, it 
is recommended the combined use of image 
slicing and rationing techniques to improve 
the WSRZ detection accuracy in ASAR images of 
the Antarctic Peninsula. The former technique 
corresponds to a backscatter and elevation 
thresholds from Arigony-Neto (2006), and the 
latter to a threshold for synthetic images from 
Arigony-Neto (2009), calculated by rationing 
images from the accumulation and ablation 
periods, respectively.

The decision rules proposed by Arigony-
Neto (2006) were developed for the RGZ 
classification in buffer zones along the glacier 
centerline, where the geometric effects 
related to relief displacement in SAR images 
are insignificant. The use of elevation and 
backscatter thresholds proposed by Arigony-
Neto (2006) is recommended if this classification 
algorithm is performed for a glacier centerline 
and not for its entire catchment area. Another 
advantage of this algorithm is the use of only 
one SAR image with backscatter values, instead 
of using this one and two other SAR images in 
the sigma linear scale, as proposed by Arigony-
Neto (2009) and in our snowmelt retrieval 
algorithm. However, for the WSRZ classification 
in the entire area of a glacier, we recommend 

the additional use of the image ratio threshold 
proposed in these more recent studies, which 
improved the classification accuracy. 

Our snowmelt retrieval algorithm allowed 
us to discriminate the WSRZ from the DSRZ and 
radar shadows, which have similar backscatter 
because it is based on the image rationing 
technique developed by Arigony-Neto (2009). 
The additional elevation thresholds for the 
southern and northern tips of the Antarctic 
Peninsula from Arigony-Neto (2006) are also 
recommended in the WSRZ classification, to 
ensure this RGZ does not occur at elevations 
higher than these thresholds, where there is no 
melting in the snowpack.

The decision rules can only be applied 
for SAR images acquired in the C band, at VV 
polarization, and for melting areas of the 
Antarctic Peninsula since the RGZ backscatter 
thresholds of Rau et al. (2001) were defined at 
this wavelength and polarization. Besides ASAR 
images (2002-2012), the superficial snowmelt 
in this peninsula can be monitored by images 
acquired from the Active Microwave Instrument, 
onboard the European Remote Sensing (ER) 
satellites 1 (1991-2000) and 2 (1995-2011), and 
more recently by images from Sentinel 1A (2014 
onwards) and 1B (2016 onwards) satellites, 
allowing to analyze spatiotemporal variations of 
snowmelt in long-term continuous observations.

In the context of a great debate on global 
climate change and the instability of Antarctic 
ice shelves, continuous and accurate monitoring 
of the WSRZ is of great importance to assess its 
possible impacts on glacial systems and local 
coastal environments, runoff modeling, and 
contributions to sea-level rise.
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