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Abstract: This work investigated the annual variations in dry snow (DSRZ) and wet snow 
radar zones (WSRZ) in the north of the Antarctic Peninsula between 2015-2023. A specific 
code for snow zone detection on Sentinel-1 images was created on Google Earth Engine 
by combining the CryoSat-2 digital elevation model and air temperature data from ERA5. 
Regions with backscatter coefficients (σ⁰) values exceeding -6.5 dB were considered the 
extent of surface melt occurrence, and the dry snow line was considered to coincide 
with the -11 °C isotherm of the average annual air temperature. The annual variation 
in WSRZ exhibited moderate correlations with annual average air temperature, total 
precipitation, and the sum of annual degree-days. However, statistical tests indicated 
low determination coefficients and no significant trend values in DSRZ behavior with 
atmospheric variables. The results of reducing DSRZ area for 2019/2020 and 2020/2021 
compared to 2018/2018 indicated the upward in dry zone line in this AP region. The 
methodology demonstrated its efficacy for both quantitative and qualitative analyses 
of data obtained in digital processing environments, allowing for the large-scale spatial 
and temporal variations monitoring and for the understanding changes in glacier mass 
loss.

Key words: Antarctic Peninsula Ice-sheet, cloud computing environment, CryoSat2, radar 
glacier zones, Sentinel-1, snowmelt.

INTRODUCTION
The Antarctic Peninsula (AP) is the region of 
the Antarctic continent that presented the 
highest increase in oceanic and atmospheric 
temperatures, being the most sensitive portion 
to climate change (Costi et al. 2018, Lee et al. 2017, 
Mendes Jr et al. 2022). The geographical location 
and unique configuration of AP pose significant 
challenges to conducting in situ measurements 
of events related to atmospheric changes. The 
atmospheric warming recorded in this region 
reached between 2.5 °C and 3.0 °C since the 
second half of the 20th century (Turner et al. 
2005, Steig et al. 2009, Costi et al. 2018, Tuckett 

et al. 2019), causing important changes in the 
dynamics of the region. These changes have a 
direct impact on the loss of glacial area in the 
AP, which configures it as one of the regions of 
the continent with the highest values of negative 
mass balance (Mouginot et al. 2014, Sutterley et 
al. 2014, Rignot et al. 2019).

Active and passive microwave data from 
remote sensors are used to map variations in 
surface behavior over the AP, as well as climate 
reanalysis data on monthly, weekly, and daily 
scales (Zhou & Zheng 2017, Mendes Jr et al. 2022). 
Several studies utilizing microwave radiometers 
and scatterometers (specifically brightness 
temperature - Tb) as well as Synthetic Aperture 
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RADAR (SAR) data (focused on the backscatter 
coefficient - σ°) have been conducted to 
estimate variations in glacier facies in the region 
(Arigony-Neto et al. 2009, Zhou & Zheng 2017, 
Mendes Jr et al. 2022). These studies leverage 
the distinctive characteristics and capacities 
inherent in these archival datasets.

Compared to radiometer and scatterometer 
images, SAR images exhibit high spatial 
resolution, allowing for studying snowmelt 
patterns, glacial facies, and the snow line in 
detail (Rau et al. 2001, Rau & Braun 2002). The 
dry snow line (DSL), located close to the highest 
parts of glaciers, represents the lower boundary 
of the dry snow radar zone (DSRZ), separating this 
portion of the glaciers where no melting occurs 
from areas with frequent or occasional melting 
(Zhou et al. 2021), known as the percolation zone 
(PZ) and wet snow radar zone (WSRZ).

Due to its good spatial resolution and 
acquisition mode, SAR data, in conjunction with 
atmospheric climate reanalysis models, can be 
used to derive the position of the DSL and the 
variation in extent of radar glacier zones (Zhou & 
Zheng 2017, Zhou et al. 2021). Using three mosaics 
of RADARSAT ScanSAR images, Rau & Braun 
2002 accurately demonstrated the potential to 
identify the boundaries between the DSRZ and 
PZ or WSRZ. Arigony-Neto et al. (2009) compiled 
a series of SAR images from ERS1/2 and ENVISAT 
to extract the altitude variation of the DSL in 
the AP, and the boundaries between the other 
snow zones over the period 1992-2005. Liang et 
al. (2021) used Sentinel-1 SAR in EW mode, with 
a 40m resolution, to extract freeze and thaw 
information from continental-scale time series.

Factors such as improved spatial resolution, 
shorter data acquisition intervals, and increased 
processing power in SAR data can synergistically 
enhance the precision and accuracy of these 
analyses. With the twin satellites of the Sentinel 
1 (S1) mission, SAR data have become an even 

more attractive alternative for radar studies of 
wet and dry snow surface zones, as this mission 
provides free C-band SAR imagery at 10, 20, and 
40-meter (m) spatial resolution and revisit times 
of up to six days (ESA 2012, Buchelt et al. 2022). 
SAR data from S1 are sensitive to wet snow and 
can be applied for its mapping mainly during 
the ablation season (Malenovský et al. 2012).

Despite the advances, S1 data also have 
restrictions in the acquisition, including a 
residual noise called speckle. Speckle is 
inevitable in SAR images and can be removed 
using different methods in pre-defined 
windows, such as Lee 1980 and Frost et al. 1982. 
Other characteristic effects can be identified in 
SAR products, such as RADAR shadows, layover, 
and foreshortening (Rau & Braun 2002, Arigony-
Neto et al. 2009, Mendes Jr et al. 2022) are 
related to the acquisition geometry of RADAR 
sensors, and require additional processing 
to solve these problems. On the other hand, 
a significant improvement facilitating the 
utilization of S1 data is the introduction of the 
S1-GRD collection. Level 1 Ground Range Detect 
(GRD) products consist of focused SAR data that 
has been detected, analyzed, and projected to 
ground range using a terrestrial ellipsoid model 
(ESA 2021). Ground range coordinates are the 
slant range coordinates projected onto the 
ellipsoid of the Earth. Pixel values represent 
detected magnitude. Phase information is lost. 
The resulting product has approximately square 
spatial resolution and square pixel spacing 
with reduced speckle due to the multi-look 
processing (ESA 2021).

Analyzing these parameters at a regional 
scale, such as in the AP, requires large amounts 
of data and an intensive processing routine in 
high-quality environments with large storage 
spaces, making the process slow and difficult. 
To address this problem, Big Earth Data (BED) 
computing platforms, such as Google Earth Engine 
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(GEE), offer new opportunities for research and 
analysis of snow melt in Antarctica, as they are 
ideally suited to handle scale variations and the 
complexities of spatiotemporal data (Gorelick et 
al. 2017, Wang et al. 2020, Liang et al. 2021).

GEE combines a multi-petabyte catalog of 
satellite imagery and geospatial datasets with 
planetary-scale analysis capabilities (GEE 2022). 
The platform has powerful geospatial analysis 
abilities and supports parallel computing to 
accelerate operations. Thus, processing time 
can be drastically reduced compared to local 
processing (Li et al. 2018).  With the tools available 
on platforms like GEE, the processing of images 
and data from different sources at a regional 
scale, without the need for large storage bases, 
and with rapid retrieval of results for analysis, is 
now a reality.

Taking into account these aspects and 
resources, this paper aims to: i) extract both wet 
and dry snow zones on the ice sheet in the north 
of the AP, north of 65.20°S from S-1 images, using 
a processing script built on the GEE platform; 
ii) investigate the area variation of dry snow 
and wet snow zones between austral winters 
(June, July and August) and summers (December, 
January and February) in the 2015-2023 period; 
and iii) verify the influence of average superficial 
air temperature and annual precipitation on the 
obtained results.

MATERIALS AND METHODS
Study area
The study area comprises the AP continental 
region, at latitudes north of 65.20°S (Figure 1), 
and is located within the North Bioregion of the 
AP (Lee et al. 2017). This area the northernmost 
portion of the continent, which has an area 
of 17,000.00  km2 and is the region that has 
experienced the greatest atmospheric warming, 
the highest area loss in recent decades (Mouginot 

et al. 2014, Sutterley et al. 2014, Costi et al. 2018, 
Rignot et al. 2019, Tuckett et al. 2019). Glacial 
mass loss on the Antarctic continent will lead 
to the emergence of around 2,100 and 17,267 km2 
of new ice-free areas by the end of this century, 
with the upper limit representing almost 25% of 
the total area. Over 85% of these new ice-free 
areas will appear in the North Bioregion (Lee et 
al. 2017).

The AP is the northern portion of 
the continent, and is surrounded by the 
Bellingshausen and the Weddell seas. 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 (Mendes Jr et al. 2022).

This peninsula had strong and statistically 
significant warming over the last 60 years 
(Jones et al. 2019). Among other consequences, 
this increase in temperature caused significant 
changes in glacial systems of the Antarctic 
Peninsula, such as the decrease of seasonal sea 
ice, increasing trend in melting events, 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, Mendes Jr et al. 2022). 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), Bevan 
et al. (2020) and Mendes Jr et al. (2022). These 
losses currently contribute to global sea level 
rise (The IMBIE team 2018).

Dataset
In this study, we used image data from the 
Sentinel-1 (S1) mission, provided by a 5.405 
GHz dual-polarization C-band SAR instrument, 
and processed as Level-1 Ground Range Detect 
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(GRD) in dB (GEE 2022). This collection offers 
pre-processed products that have undergone 
essential processing steps using the European 
Space Agency’s (ESA) S1 Toolbox (ESA 2021). 
These steps include applying the orbit file, 
eliminating thermal noise, removing GRD border 
noise, performing radiometric calibration to 
σ°, and conducting Range-Doppler terrain 
correction. This pre-processing significantly 
simplifies the data analysis pipeline, requiring 
only the consideration of noise effects and 
radiometric terrain corrections. The data for the 

AP were available in Extra Wide (EW, 40 m spatial 
resolution) and in Interferometric Wide Swath 
(IW, 10 m spatial resolution) acquisition modes.

CryoSat-2 (CS2) Antarctica 1km DEM is a 
Digital Elevation Model (DEM) of the Antarctic ice 
sheet and ice shelves, based on observations 
recorded between July 2010 and July 2016 by 
the CS2 radar altimetry satellite (Slater et al. 
2018). CS2 is formed from spatiotemporal fits to 
elevation measurements accumulated in 1, 2, and 
5 km grid cells and is available at 1 km spatial 
resolution. The median and average square 

Figure 1. Location 
map of the study area 
marked in red. Data 
from Quantarctica and 
ESRI Imagery 2023.
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difference between this DEM and the 2.3*10⁷ 
airborne laser altimeter measurements acquired 
during NASA’s Operation IceBridge campaigns 
were -0.30 m and 13.50 m, respectively.

The ERA5 reanalysis meteorological data grid 
completes the database used in this research. 
ERA5 is the fifth generation of the European 
Centre for Medium-Range Weather Forecasts 
(ECMWF) for global climate and weather over the 
past four to seven decades. It combines model 
data with observations worldwide into a globally 
complete and consistent dataset (ECMWF 2021). 

Methodology
This paper analyzes variations in the extension 
of the Dry Snow Radar Zone (DSRZ) and the Wet 
Snow Radar Zone (WSRZ). These zones can be 
distinguished from other radar-detected glacier 
zones by differences in backscatter and altitude 
characteristics (Zhou et al. 2021). The Lee filter 
(Mullissa et al. 2021) was applied using a 5x5 
pixel moving window to mitigate the speckle 
effect, and the incidence angles were fixed at 
30⁰. Subsequently, thresholds in backscatter 
coefficients (σ⁰) were established to identify 
winter dry snow areas. Herein, regions with σ⁰ 
values exceeding -6.5 dB signify the extent of 
surface melt occurrence (Zhou & Zheng 2017, 

Liang et al. 2021, Zhou et al. 2021). Figure 2 shows 
the processing chain applied in this study.

CS2 was used as the basis for the terrain 
correction, an auxiliary product for applying 
altitude masks, correcting the landscape 
slope in the S1 images, and normalizing the 
backscatter coefficient on the land. Altitude is 
also important for identifying different zones 
on glaciers. The DSRZ is restricted to the upper 
part of glaciers, and the DSL is considered to 
coincide with the -11 °C isotherm of the average 
annual air temperature, while the wet snow zone 
is lower than the altitude of this isotherm. An 
altitude below 500 m is considered as exposed 
ice. To distinguish DSRZ from WSRZ and exposed 
ice with similar backscattering characteristics, 
altitude is the other threshold considered to 
extract DSL (Rau & Braun 2002, Arigony-Neto et 
al. 2007, Zhou et al. 2021). Therefore, the limit of 
1200 m, 800 m, and 500 m were adopted in the 
AP ice sheet areas that are included north of 
67.5°S, between 67.5°S and 72°S, and south of 
72°S, respectively (Arigony-Neto et al. 2007, Zhou 
& Zheng, 2017, Zhou et al. 2021). These altitude 
boundaries were extracted from CS2 in the GEE.

The ERA5 data were specifically processed to 
provide the mean surface temperature at a 2m 
height above the surface. These measurements 

Figure 2. Processing chain applied in this study.
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were collected and compiled every 12 hours, 
converting the values from Kelvin to Celsius (°C) 
and a filter of -11 °C was applied to aid in the 
interaction of backscatter and altitude. Monthly 
and annual degree-day sums were estimated 
from daily and monthly mean temperatures 
and the information of precipitation was also 
compiled to obtain total annual and summer 
precipitation data. The GEE platform was applied 
to the approach and the Supplementary Material 
- Code S1 contains the source code utilized in 
the methodology. 

The results were compiled and categorized 
into data on annual total precipitation, average 
air temperature, annual degree-day sums and 
DSRZ and WSRZ area. These datasets were 
subjected to the Mann-Kendall test, correlation 
and multivariate analyses. The Mann-Kendall 
(Mann 1945, Kendall 1957) is one of non-
parametric tests most used in the world to detect 
significant trends in temporal series (Shivam et 
al. 2019, Machiwal et al. 2019, Dos Santos et al. 
2020), which is appropriate to climatic (Goossens 
& Berger 1986) and another environmental 
series. To perform a Mann-Kendall test, compute 
the difference between the later-measured 
value and all earlier-measured values, (yj – yi), 
where j>i, and assign the integer value of 1, 0, 
or –1 to positive differences, no differences, and 
negative differences, respectively (Meals et al. 
2011). The test statistic, S, is then computed as 
the sum of the integers: 

  S =  ∑ 
i=1

  
n−1

      ∑ 
i=i+j

  
n

    sign  (    y  j   −  y  i   )    

Where sign (yj – yi) is equal to +1, 0, or -1 as indicated 
above. When S is a large positive number, later-
measured values tend to be larger than earlier 
values and an upward trend is indicated. When 
S is a large negative number, later values tend to 
be smaller than earlier values and a downward 

trend is indicated. When the absolute value of S 
is small, no trend is indicated (Meals et al. 2011).

RESULTS
The DSRZ is restricted to higher elevation land 
areas where, even in summer, temperatures 
do not exceed the melting point, preventing 
surface melting from occurring and maintaining 
a similar behavior in the backscattering signal 
(Figure 3). However, in lower areas the WSRZ 
shows a significant change in the backscatter 
values between winter and summer (Figure 3), 
and demonstrates a downward trend (-0.47) in 
relation to the total degree-day sum.

The WSRZ has varied considerably during 
the analyzed period, mainly in the 2015-2016 
summer, with 9,879.51 km2, and in the 2019-2020 
summer, with 11,663.61 km2 of WSRZ (Table I and 
Figure 4). The 2018-2019 summer had the lowest 
WSRZ extent, with 6,600.57 km2 (Table I and 
Figure 4).

The WSRZ area showed a significant 
variation in the period analyzed, with a decrease 
between the summer seasons from 2015/2016 
to 2018/2019, and a rise in the summer of 
2019/2020, which showed the largest values in 
our time series (Figure 4). The area size of WSRZ 
during the summers of 2019/2020, 2020/2021, 
and 2022/2023 exhibited larger values compared 
to the area size in 2018/2019. The extension of 
the WSRZ area has not yet reached the levels 
observed in 2019/2020 after the 2019/2020 
summer. Compared to WSRZ, DSRZ showed a 
small variation over the analyzed period. The 
lowest value presented for the DSRZ was 5,494.04 
km² in 2017-2018, comparable in area with the 
period 2022-2023, with 5,545.5 km². The highest 
value was 6,712.82 km² in 2021-2022, near 2015-
2016 with 6,664.46 km² (Table I and Figures 5 and 
6). The period 2018-2019 showed the smallest 
area of WSRZ on the time series (Figure 4 and 6).
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The maximum WSRZ extent has oscillated 
from 6,600 to 11,663 km2 since 2015. The temporal 
change analysis of mean values by period shows 
a 14.5% mean value increase of WSRZ extent and 
0.4% reduction in DSRZ since 2015. The DSRZ 
showed a slight decrease for the period (Figures 
5 and 6). The 2019/2020 and 2020/2021 values 
are smaller than 2018/2019 for DSRZ, while the 
2021/2022 and 2015/2016 values are higher.

The ERA5 data are available from 1981 to 
the present and show an increasing trend in 
temperature (Figure 7). which corroborates the 
results obtained by Carrasco et al. (2021) and 
Cardoso (2022). In the temporal series, the 
average air temperature over the period was 
-9.2 °C, with minimum values of -9.95 °C, in 2014 
and -10.4 °C in 2015. The maximum value was 

-8.05 °C in 2016. After this year (in 2014 and 2015, 
the average temperature has an increasing ± 
0.096 °C year-1.

The 2020 presented the highest values (18 
days) of the annual degree-day sums series. 
The annual degree-day sum’s lowest value (0) 
was recorded in 2018. The monthly degree-day 
sums showed increasing values from January 
2014 to January 2023 (Figures 8 and Table II). The 
largest occurrences of these temperatures were 
in February, with 27 days, followed by January, 
with 25 days, throughout the series (Figure 8). 

The historical precipitation series between 
1981-2022 (Figure 9) shows that the AP region 
shows varied values of total precipitation 
between years, with an average value of 
624.51mm, a minimum of 512.31 mm, in 2019, 

Figure 3. Backscatter difference between winter and summer in S1 images. The contrasts of radar signal 
backscatter enabling visual identification of radar snow zones.



FILIPE D. IDALINO et al. WET AND DRY SNOW ZONES IN THE ANTARCTIC PENINSULA

An Acad Bras Cienc (2024) 96(Suppl. 2) e20230704 8 | 17 

and a maximum of 824.40 mm in 2021. The year 
2014 recorded 553.74 mm of total precipitation, 
although the years 2019 and 2020 were the driest 
ones. Despite a more than 140 mm decrease 
between 2021 and 2022, the values also show 
an increasing of ±13.362 mm.yar-1 in the analysis 
period (Figure  9).

The annual variation of the WSRZ area in 
relation to annual air temperature and total 
precipitation has shown moderate correlations 
(-0.57 and -0.66), respectively. Similarly, the 
annual WSRZ area variation has shown a 
positive correlation (r²=0.63) with the annual 
degree-days sums (January). Statistical tests 
revealed low determination coefficients and 
no significant trend values when examining 
the relationship between the behavior of the 
annual DSRZ area and atmospheric variables 
such as annual average air temperature and 
total precipitation.

DISCUSSION
Air Temperature peaks were verified in the 
series in the periods with greater WSRZ extents 
(both 2015-2016 and 2019-2020 summer), as well 
as the record positive continent temperature 

in the AP region of 18.4  °C in February 2020 
(WMO 2021). Between 2019 and 2020, the average 
temperature for the months of January showed 
a positive change from -4.03  °C to -0.9  °C, 
coinciding with the period of greatest WSRZ 
extent in the analysis (Figures 6 and 7), following 
the increasing in the summer of 2022-2023, in 
which the average reached -0.83 °C.

January and February have experienced 
constant increases in average air temperature 
during the analysis period (Table II), which may 
directly influence WSRZ measurements, whose 
maximum extent responds directly to external 
factors. However, a Mann-Kendall test was 
conducted at a specific point with an elevation of 
570 m, where the concentration of WSRZ occurs, 
located at 60°52’37.52”W, 64°23’38.25”S. With the 
exception of the degree-day sum (indicating a 
moderate downward trend value of -0.47), the 
test did not reveal strong correlations with the 
atmospheric variables considered in the study. A 
more comprehensive statistical analysis on the 
topic could yield more robust results regarding 
the relationships between these variables.

Temperature increases and consecutive 
extreme events have markedly influenced the 
AP ice masses behavior. Arigony-Neto et al. 

Table I. Area distribution of WSRZ and DSRZ in the study area (in km²).

Period WSRZ - km² DSRZ - km² MOD+ORBT

06/2014 - 02/2015 no images no images no images

06/2015 - 02/2016 9879.5 6664.4 IW DESC

06/2016 - 02/2017 8634.1 5494.0 EW ASC 

06/2017 - 02/2018 9215.4 5737.3 EW ASC

06/2018 - 02/2019 6600.5 5943.8 EW DESC

06/2019 - 02/2020 11663.6 5756.0 EW DESC

06/2020 - 02/2021 9055.6 5744.2 EW DESC

06/2021 - 02/2022 8873.2 6614.4 EW DESC

06/2022 - 02/2023 9721.5 5545.5 EW DESC
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(2009) attributed upward changes in the altitude 
of the dry snow line on the Antarctic Peninsula 
to extremely high-temperature events impacting 
the central highlands, and the increased 
duration of warming periods. Turner et al. (2019) 
analyzed the correlation between observed 
annual temperature data from 1979 to 2018 and 
yearly average sea ice concentrations in AP. They 
noted a negative sea ice concentration anomaly 
around Esperanza and Marambio Stations due 
to the positive air temperature anomaly since 
2016.

In addition to variations in January and 
February demonstrating increasing temperature, 

changes were also found for winter month 
temperatures in the series. The ERA5 data shows 
an increasing for the months of July in the series 
and a peak of temperature increase between 
the years 2015 and 2016 ranging from -17.8 °C 
to -13.3 °C, which coincides with higher values 
in WSRZ extent and lower values in DSRZ extent 
(Figures 6 and 7). As such, the low values over 
the series of DSRZ, when compared to the values 
at the beginning of the series and the end of 
the series, and the high values of WSRZ could 
be explained by the positive anomaly of mean 
air temperature in the region since 2016 (Figures 
6 and 7). 

Figure 4. Variation of WSRZ 
in the study area for the 
periods 2015-2016 (a), 
2016-2017 (b), 2017-2018 (c), 
2018-2019 (d), 2019-2020 (e), 
2020-2021 (f), 2021-2022 (g), 
and 2022-2023 (h).
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On the other hand, DSRZ behavior is also 
responding to the precipitation variation. The 
period 2015-2016 showed a higher value of DSRZ 
than the consecutive years, succeeding a lower 
annual average air temperature until the year 
2015, followed by an increase for 2016 and a 
slight increase in precipitation in the previous 
years until 2016, in which it reached a peak of 
630.07 mm and then returned to have a drop 
in values. The low values in DSRZ in 2016 could 
be explained by the temperature-precipitation 
relationship according to Bakke & Nesje (2011). 
After that, in the period 2018-2019, the DSRZ 
responds to the increases in total precipitation 

and air temperature in the year 2018 and again 
maintains a pattern of lower values until the 
maximum peak in 2022, which responds to the 
drier periods between 2018 and 2020 (Figures 6 
and 9). 

In 2017/2018 and 2018/2019, there was an 
increase in DSRZ values. The annual mean 
air temperature has decreased between 2016 
and 2017, and between 2018 and 2019 and the 
WSRZ has a lowest value for 2018/2019 period 
(Figures 6 and 7). The period 2018-2019 has the 
smallest WSRZ area and the second largest DSRZ 
area in the time series, which may be related 
to the decrease in annual average surface air 

Figure 5. Variation of DSRZ 
in the study area in the 
periods 2015-2016 (a), 
2016-2017 (b), 2017-2018 (c), 
2018-2019 (d), 2019-2020 (e), 
2020-2021 (f), 2021-2022 (g), 
and 2022-2023 (h).
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temperature, as well as having presented a wet 
July 2018 (when compared to the total annual 
precipitation values this year to other years in 
the series, such as 2019 and 2020). 

The methodology results show that, despite 
the variability of occurrence in all years of 
analysis, there is an increasing area of the WSRZ 
and decreasing area of the DSRZ, but without a 

statistically significant trend. The highest values 
(18 days) of the annual degree-day sums series 
in 2020 and air temperature extreme events 
could be influenced by the smallest area of DSRZ 
on the time series observed for 2019-2020 and 
2020-2021 periods. As the DSRZ is restricted to 
the uppermost parts of the ice sheets, previous 
work has evaluated the DSL transition as 

Figure 6. Area in km² of the WSRZ (orange) and DSRZ (blue) by period. WSRZ did not return to low values like the 
period of 2018/2019.

Figure 7. ERA5 data for average annual air temperature at 2 m in the study area. The temperature data shows a 
warming trend of ±0.012 °C year-1 for the study area.
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indicative of DSRZ variation using SAR data. Rau 
& Braun (2002) demonstrated that the observed 
upward shift of the dry-snow line between 1992 
and 1998 is interpreted as a direct result of the 
increasing number of high-temperature events 
affecting the DSRZ snow cover and influencing 
WSRZ variation. 

Other works have analyzed radar ice zones 
in AP and obtained approximate results. Arigony-
Neto et al. (2009) demonstrated that the DSL 
altitude had a widespread increase during 1992-
2005 in response to extreme high-temperature 
events impacting the central highlands of AP, 
considering the increasing duration of warming 
periods. This growth in DSL altitude implies a 
decrease in DSRZ area, restricting it to higher 
regions. The same paper indicates that an 
average reduction of dry snow line altitude 
was detected in the western part of AP, which 
was identified as a response to increased 
precipitation and accumulation.

Whereas with the S1 series, the methodology 
that Zhou & Zheng (2017) applied demonstrated 
the SAR-derived melt signals and showed 
that these events have increased in different 

proportions and AP areas. The western region of 
AP has suffered more intense and longer-lasting 
snow surface melt events which may be fueled 
by atmospheric effects, such as Föhen winds 
(Luckman et al. 2014, Zhou & Zheng 2017, Mendes 
Jr et al. 2022, Zhu et al. 2023). In addition, the DSL 

Figure 8. Annual degree-day sums between 2014 and 2022-2023. The last 4 years of the period did not present less 
than 10 days of degree-days sum.

Table II. Monthly degree-days sum between 2014-2023. 
2023 shows more degree-days than others years when 
considering only January and February months in the 
analysis. 

YEAR/MONTH Jan Feb Mar Nov Dec

2014 3 0 0 0 0

2015 5 1 2 0 0

2016 5 4 3 0 0

2017 2 1 2 2 0

2018 0 0 0 0 0

2019 0 1 0 2 2

2020 9 7 1 0 0

2021 3 8 0 0 1

2022 6 6 0 0 4

2023 10 5      
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has experienced increased elevation from south 
to north, and higher average air temperatures at 
lower latitudes allow snow melt to reach higher 
areas.

GEE allows SAR image processing for large 
land areas quickly after completing the correct 
script assembly. According to S1A pixel count 
the portion of the AP analyzed in this study has 
approximately 17,000.00 km². The average time 
for running and processing the data in the script 
ranged from five to ten seconds for obtaining the 
base information, such as the number of images 
available and the graphs of temperature and 
precipitation distribution in the analysis period, 
and from two to three minutes for obtaining the 
specific information of wet and dry snow areas.

CONCLUSIONS
The advancements enabled by processing large 
amounts of data on platforms like the Google 
Earth Engine (GEE) have significantly reduced 

time and working conditions compared to using 
advanced software on dedicated computers for 
processing. The application of Sentinel-1 data in 
glacier zone studies has proven to be efficient 
for analyzing large-scale spatial and temporal 
variations.

The study provides a comprehensive 
review of methods previously employed for the 
analysis of radar snow zones in SAR images. 
These methods were adapted and implemented 
on a digital processing platform, streamlining 
the selection, data processing, and analysis 
of results on a large temporal scale and with 
a substantial quantity of analyzed data. This 
approach facilitated the identification, analysis, 
and quantification of area variations in the 
zones. The methodology employed proved to be 
satisfactory for the treatment of available data, 
and the results demonstrated its effectiveness 
for both quantitative and qualitative analyses of 
data obtained in digital processing environments. 

Figure 9. Total annual precipitation in the study area. Data by ERA5. The precipitation data series also 
demonstrates a positive trend of ±1.113 mm.year-1 for the study area.
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This technological adaptation makes a complex 
process more accessible and manipulable.

The area size of WSRZ during the summers 
of 2019/2020, 2020/2021, and 2022/2023 exhibited 
the highest values compared to the area size 
in 2018/2019. The WSRZ area size has not yet 
reached the levels observed in 2019/2020. The 
higher values have been related to the summer 
average air temperature and the annual positive 
temperature degree days. The annual variation 
of the dry snow area between the austral 
winter periods (June to August) showed a slight 
decrease during 2015-2023 as response to the 
ongoing Antarctic warming and extreme melt 
events, as demonstrated in other works (Rau et 
al. 2001, Arigony et al. 2007, Zhou & Zheng 2017, 
Mendes Jr et al. 2022).

Driving variables are precipitation and 
air temperature and elevation. This indicates 
that other factors should be considered in 
future analyses for a better understanding of 
environmental changes, such as atmospheric 
pressure, drought indices, and the behavior 
of radar glacier percolation zones. Results of 
this analysis demonstrate that the proposed 
methodology can be a valid approach to monitor 
annual DSRZ and WSRZ extension on a regional 
scale, such as for the northern portion of AP. 
It is important to emphasize the utilization of 
more accurate data in future research on snow 
zones, including better resolution, extended 
analysis periods, and reduced data revisit times. 
These improvements can contribute to a more 
comprehensive understanding of the behavior 
of these objects in the study area
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