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Abstract: The region of the Maritime Antarctic suffers significantly from climate
change, resulting in regional warming and consequently affecting coverage. This study
characterized three surface zones of Collins Glacier and three other zones in ice-free
areas on the Fildes Peninsula, which has an area of 29.6 km2 We used TerraSAR-X
satellite images from 2014 to 2016 and analyzed the influence of meteorological and
environmental conditions on these surface zones. We used five images from the
TerraSAR-X satellite, three of these data were obtained during the same period of
fieldwork. The classification considered three classes on the glacier (higher moisture,
transition in moisture, and lower moisture) and three on the ice-free areas (wet snow,
transition wet snow-bare ice, and bare ice), using Maximum Likelihood and ISODATA
methods. In low-altitude glaciers with maritime influence, such as Collins, monitoring
variations in surface zones is essential because the continuous increase in exposed ice
may indicate potential retreat. The TerraSAR-X images enabled the classification of land
features, highlighting the potential for continuous monitoring in the Maritime Antarctic,
regardless of weather conditions and solar illumination.
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environments in the Maritime Antarctic

Since 1950, one of the highest rates of warming
on the planet has been recorded in the Antarctic
Peninsula, with an increase of approximately
0.59C per decade (Turner et al. 2013), highlighting
that the warming of the Antarctic Peninsula
during this period was more significant than in
the entire Southern Hemisphere (Siegert et al.
2019). In the Antarctic ecosystem, regions located
at lower latitudes, such as the South Shetland
Islands, are among the most affected by the
increase in surface air temperature (Skvarca &
De Angelis 2003), disrupting the balance of this
fragile ecosystem.

Climate change and meteorological
variations affect the surface coverage of

(Andrade et al. 2015). However, the region
presents logistical complexities for fieldwork,
and the prevalence of cloudy conditions hinders
monitoring by optical remote sensing. Due to
these conditions, Synthetic Aperture Radar (SAR)
data is an essential alternative for monitoring
regions with such conditions (Andrade et al.
2015, Falk et al. 2016, Rosa et al. 2020, Simoes et
al. 2020).

Since 2000, several studies have been
conducted in Antarctica using SAR radar data.
On King George Island, Braun et al. (2000) used
ERS-2 SAR data to delineate glacier zones,
contributing to understanding how different
radar zones interact with local environmental
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conditions. Also, on King George Island, Andrade
et al. (2015) used COSMO-SkyMed data for the
classification and monitoring of periglacial
environments and glaciers, while Falk et al.
(2016) applied TerraSAR-X data to generate
glaciological and hydrological parameters. Rosa
et al. (2020) used Sentinel-1 data in conjunction
with other orbital data to study the dynamics of
land-terminating glaciers over 62 years, showing
how geomorphological formations influence
variations in the glaciers of this region.
Arigony-Neto et al. (2009) used ERS-1/2 and
ASAR data to analyze the spatial and temporal
variations in the Antarctic Peninsula region
in the dry-snow line altitude. In the same
area, Simoes et al. (2020) used Sentinel-1 data
to quantify changes in two glaciers, finding a
strong correlation between the SAR data and
atmospheric and oceanic warming trends in the
area. As a consequence of climate change in
the region, Mendes Jr et al. (2022) used Envisat
ASAR data to detect glacier facies with greater
accuracy, proposing a method that combined the
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Wet Snow Radar Zone classification proposed
by Arigony-Neto et al. (2009) and the snowmelt
retrieval algorithm, resulting in a classification
with improved precision.

The aim of this study was to characterize
surface zones on the Collins Glacier and ice-
free areas of the Fildes Peninsula using multi-
temporal data from the TerraSAR-X satellite
between 2014 and 2016 and to assess the
influence of meteorological and environmental
conditions on these surface zones.

MATERIALS AND METHODS

Study Site

Fildes Peninsula is located in the southwestern
part of King George Island in the Maritime
Antarctica region (Figure 1). The peninsula covers
29.8 km? of ice-free area and has the largest ice-
free surface on King George Island (Michel et al.
2014). In the Maritime Antarctic region, the Fildes
Peninsula was among the first to exhibit ice-free
areas after the last glacial maximum (Curl 1980).
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Figure 1. a) Location of the Antarctic Peninsula, and b) location of King George Island and highlight in Fildes

Peninsula.
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The landscape of the Fildes Peninsula has
different environmental characteristics and is
predominantly composed of eroded surfaces, flat
surfaces on marine terraces, and higher surfaces
inland (Curl 1980), forming a set of platforms
with smooth and undulating relief. The retreat of
the Collins Glacier has generated ice-free areas,
with the transition from older regions at the
beginning of the glacier retreat to the proglacial
environment at the current edge of the Collins
Glacier result. According to Michel et al. (2014),
periglacial geomorphological processes such
as solifluction, cryoturbation, and nivation are
predominant in older areas. The predominant
soil types in the study area are Cryosols, often
cryoturbated, and to a lesser extent, Gleysols
with gleyic characteristics (Michel et al. 2014).
In this environment, pedogenetic processes are
strongly influenced by the presence of fauna,
which is an essential factor for the colonization
and development of vegetation (Michel et al.
2006), in addition to the terrain configuration
and soil moisture content (Peter et al. 2008).

The climate on Fildes Peninsula is
maritime polar, characterized by solid winds
predominantly from the north, northwest, and
west directions (Vieira et al. 2014), along with
frequent meteorological variations and milder
temperatures. The climate is cold and humid,
with an average annual air temperature of -2°C.
The average airtemperature can be slightly above
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0°C during the summer and rarely drops below
-12°C in winter (Wen et al. 1994). The rainfall
varies between 350 and 500 mm throughout the
year, predominantly during summer (@vstedal &
Smith 2001).

Characterization of surface zones

We conducted three fieldwork campaigns in
February and March 2014, 2015, and 2016 to
collect data for the research carried out in the
study area. These studies aimed at monitoring
the active layer of permafrost (Andrade et al.
2023) and vegetation cover (Andrade et al.
2018). In 2016, we acquired three scenes from
the TerraSAR-X (TSX) satellite, coinciding with
the fieldwork period. We obtained different
types of data, including descriptions of surface
snow, areas with higher moisture and temporary
hydromorphism, and the geoenvironmental
landforms of the study areas. These data were
used to characterize the surface zones through
TSX images.

This study used five scenes from the TSX
satellite obtained at the Multi Look Ground
Range Detected (MGD) processing level (Table
). The MGD data are provided with reduced
speckle and higher accuracy in pixel resolution,
resulting in equidistant pixels in azimuth and
range resolution (DLR 2010). Because MGD
products are raw data without any interpolation,
it is possible to use specific parameters that

Table I. Technical information of the TerraSAR-X scenes used in this study.

Date Time (UTC) Orbit
10/03/2014 23:07:35 224
09/03/2015 08:23:00 257
13/02/2016 08:23:07 288
24/02/2016 08:23:07 289
06/03/2016 08:23:08 290

Incidence Angle

Pass direction Polarization

Range (°)
Ascending 20.630 HH
Descending 42.877 HH
Descending 31.342 HH
Descending 48221 HH
Descending 48388 HH
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consider the peculiarities of the location,
resulting in greater accuracy and precision in
the extraction of physical data (DLR 2010).

The SAR data in its raw state has intrinsic
errors due to the acquisition process by the
orbital sensor. It is necessary to correct these
errors to extract quantitative data, such as
geophysical information from backscattering
values, perform multi-temporal analysis, and
compare SAR data acquired by different sensors.
For the scenes to be suitable for extracting
surface data, we performed three processing
steps: radiometric calibration, speckle filtering
(Yuan et al. 2018), and geometric correction.

We generated the DEM and then proceeded
with the subsequent steps of characterizing the
variation in snowmelt. The analysis of the spatial
and temporal variation of the snow cover was
performed using data extracted from the TSX
images and validated through field-collected
data, aided by a QuickBird image from 2008 and
the landforms extracted from the DEM generated
using a topographic map (IGM & INACH 1996).

The DEM was necessary for performing
geometric and radiometric correction of
SAR images and providing essential data for
analyzing surface dynamics. The DEM of Fildes
Peninsula was generated from contour lines
with a 5 m equidistance from the topographic
map of Fildes Peninsula (IGM & INACH 1996).
The altimetric data from the contour lines were
automatically digitized on a 32-inch screen,
allowing a high level of zoom to evaluate the
results, a method used to convert analog data
into digital format.

We used the Topo to Raster interpolator with
thelocallyAdaptiveGriddingmethod proposed by
Hutchinson (1989). This interpolator was created
to perform interpolations that utilize drainage
characteristics, flow lines, elevation point grids,
and other spatial data with irregular distribution
in its model. We used the drainage network data
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of the Fildes Peninsula as a weighting factor in
the interpolation process, resulting in a modeled
surface based on elevation and the drainage
network. The interpolation of the altimetric data
was conducted in two steps: first, the algorithm
generated the generalized morphology of the
surface based on the values of the contour lines,
and subsequently, the algorithm utilized the
altimetric information from the contour lines
to create the three-dimensional terrain forms.
The DEM generated from the contour lines has a
spatial resolution of 1 meter.

The SAR data have radiometric errors due to
fluctuations in transmitted signal power, receiver
gains, noise, and antenna illumination pattern
(Freeman 1992). Radiometric normalization was
performed for each pixel based on the antenna
pattern, and surface information from reference
points of the DEM was used (DLR 2010). The
surface of the SAR scene was simulated based
on topographic parameters extracted from the
DEM and supplemented with attributes from the
satellite flight path and illumination geometry
(Freeman 1992).

The pixel values of the TSX raw data were
related to terrain backscatter. These values were
converted to radar backscatter (0°) using the
values of a surface projected onto the slant
range as a reference and transforming the pixel
values to decibel (dB) units.

We used the DEM for radiometric calibration
and geometric correction of the TSX data, both
with 1 m spatial resolution, and the interpolation
applied to the pixels and the DEM used the
nearest neighbor method. The data generated
from geometric correction have higher precision
in the pixel position, minimizing the effects of
recurrent relief distortions.

Speckle is the random noise that generates
the pattern of light and dark grey values in SAR
data. This noise reduces the image quality and
hinders the surface interpretation of targets.

An Acad Bras Cienc (2024) 96(Suppl. 2) €20240362 4 | 17



ANDRE M. DE ANDRADE et al.

Although it is not possible to completely remove
speckle, we used a median convolution filter
to reduce its effects in all TSX scenes. This
filter was chosen because it produces minimal
modification to the edges of the targets
(Richards & Jia 2006). The filter was applied
with 3x3 and 5x5 windows, and based on the
statistical variability and variance rates of the
data, the best results were obtained with the
5x5 window (Arigony-Neto et al. 2009, Andrade
et al. 2015). The digital processing steps of the
TSX images were performed using the Next ESA
SAR Toolbox (NEST) software. Figure 2 displays
the five TSX scenes already subjected to the
processing steps.

To generate the terrain shape, we utilized
the method proposed by Moore et al. (1991) and
the Matrix Calculator tool, where we intersected
the features of vertical and horizontal curvature,
resulting in common areas for each curvature
combination. Afterward, the terrain shape was
segmented based on the orientation of the
slopes, using azimuth values and the degree of
slope for this procedure.

To assess snow melt during the ablation
period on Collins Glacier and in the ice-free
areas of Fildes Peninsula, we used the five TSX
images, surface snow cover data, and the DEM.
The albedo data recorded in the field using the
CNR4 radiometer was applied to identify periods
of surface snow cover and characterize the
physical states of the snow according to albedo
values. Albedo variations were also used to try
to estimate the moisture content and physical
state conditions of the snow.

The main surface classes that compose
the Fildes Peninsula are exposed soil, rocks,
snow, ice, vegetation cover, and water bodies.
Some targets have characteristics that make
their backscattering similar, and under these
conditions, the water content in each target
will be essential to differentiate the backscatter
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from the targets. This pattern results in classes
that are not very heterogeneous, making the
classification of TSX data difficult. Among these
targets, snow and ice exhibit high temporal and
spatial variability, mainly due to fluctuations
resulting from changes in the physical state of
water. The other targets, especially vegetation
and permanent lakes, do not show significant
variations in their configurations over short
intervals (Andrade et al. 2015).

To enhance the ability to differentiate
surface targets, we chose to segment the image
into two portions, one encompassing the glacier
area and the other the ice-free area. Although
the two portions are distinct, both have targets
with similar physical characteristics due to the
presence of snow and ice, which result in the
overlap of some backscattering ranges, thus
reducing the accuracy of the classification.

The classification considered three classes
on the glacier (wet snow, transition wet snow
to bare ice, and bare ice) and three classes in
ice-free areas (surface with higher moisture
content, transition surface in moisture content,
and surface with lower moisture content).
Backscatter thresholds for classifying surface
zones were proposed by Andrade et al. (2015).
We included transition classes both on the
glacier and in ice-free areas due to the 1
m spatial resolution of the TSX images and
because we had a set of five images obtained
on different dates. The transition classes, both
on the glacier and in the ice-free areas, enable
the differentiation of surfaces covered by snow
and ice with greater melting potential and also
detect surfaces with liquid water transitioning to
a freezing condition.

The supervised classification was performed
usingtheMaximum Likelihoodmethod,andbased
on the backscatter of the selected samples, the
algorithm recognized the backscatter patterns
of the surface targets. Based on the backscatter
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pattern of the samples, the probability of each The samples were selected accordingto their
pixel belonging to a specific class was estimated, location and respective classes. The samples for

and the pixels were assigned to their respective classification and validation were obtained from

classes (Jensen 2015).

points collected in the field and supported by a
QuickBird scene from 08/02/2008. Among the
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five dates of TSX data, three were obtained during
the fieldwork period (13/02/2016,24/02/2016, and
06/03/2016), allowing the information contained
in the images to be related to the field-collected
data, thus enhancing the interpretation of the
targets in the scenes (Figure 3).

Unlike the supervised method, in
unsupervised classification, there is no prior
determination of the classes to be classified.
In this method, pixels are grouped according to
the similarity in the backscattering patterns of
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surface targets, resulting in statistically grouped
classes called clusters (Jensen 2015).

The unsupervised classification method
used was ISODATA (Ball & Hall 1965). This method
grouped the pixels into clusters according to the
number of stipulated classes to determine which
class the pixel would belong to and the number
of times the algorithm should evaluate the pixel
value in relation to existing class patterns on a
given surface.

The surface zones extracted from SAR data
were analyzed together with the DEM. This

Figure 3. Example of samples used in the classification of targets in ice-free areas. a) Glaciofluvial channel on a
surface with higher moisture content; b) Snow patch; c) Well-drained bare soil on a surface with lower moisture
content; and d) Edge of soils with temporary hydromorphism on a surface transitioning in moisture content.
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analysis made it possible to relate the SAR
surface zones with the terrain shape and slope
orientation.

To evaluate the accuracy of the classification,
we used the indices of overall accuracy and
kappa. The overall accuracy index was obtained
by the ratio of the total number of correctly
classified pixels to the total number of pixels
that make up the confusion matrix of the
classification. The kappa coefficient (Cohen
1960) was estimated by:

K = kT, (M)

N? -3 x +x
=17 +i

Where r is the number of rows or columns
in the confusion matrix, x, is the number of
observations on the diagonal of the matrix, x,
is the sum of values in row i, x, is the sum of
values in column i, and N is the total number
of observations. According to Landis & Koch
(1977), the kappa coefficient generates a value
that, when compared to the kappa index, allows
evaluating the quality of the classification. The
index values were grouped as follows: <0.00
(Poor), 0.00 to 0.20 (Slight), 0.21to 0.40 (Fair), 0.41
to 0.60 (Moderate), 0.61to 0.80 (Substantial), and
0.81t0 1.00 (Almost Perfect) (Landis & Koch 1977).

For this, we used the data collected at the
continuous monitoring site installed on Fildes
Peninsula (Andrade et al. 2023), which collected
data on air temperature, solar radiation, albedo,
active layer moisture at 35 cm, and active layer
temperature at 5 cm, 20 cm, and 35 cm depths.
The average data for these variables were
generated for the days when the TSX scenes
were obtained, as well as for the 7 and 15 days
preceding the acquisition of the TSX scenes
(Table I1). From this data, it was possible to
assess the relationship between meteorological
conditions and the backscattering patterns of
surface targets in the TSX scenes.

The averages of the values of net radiation,
albedo, active layer temperature, and active
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layer moisture in the months of February and
March between 2014 and 2016 were quantified
using the data collected by the continuous
monitoring site (Andrade et al. 2023).

RESULTS AND DISCUSSION

The classification results varied according to the
date and the method used (Table I1). The overall
accuracy index showed higher values than those
acquired by the kappa index, a result similar to
that obtained by Mora et al. (2017). However, the
results of the kappa index are more consistent
as they include all cells of the classification
confusion matrix in the final result.

The kappa index in both classification
methods indicates that the classifications were
satisfactory, with a predominance of values
in the strong and excellent classes, indicating
consistency between what was classified and the
field validation. Overall, the maximum likelihood
method yielded better results, with four values
rated as excellent and the remainder as strong.
The ISODATA method also produced satisfactory
results, with three values rated as excellent, six
as strong, and only one as moderate.

The classification performance indices
indicate higher accuracy in classifying targets
on the glacier compared to targets in ice-free
areas, a result similar to that obtained by
Andrade et al. (2015). Due to the glacier surface
being predominantly composed of snow and
ice, the backscattering of these targets is more
homogeneous, reducing the overlap of values in
differenttargets.Ontheotherhand,intheice-free
areas, where we observed greater heterogeneity
of surface targets, there was greater overlap in
backscattering values (Andrade et al. 2015). This
overlap mainly occurred in targets with a high-
water content in their compositions, such as
bodies of water, melting snow, and bare soils
in temporary hydromorphic conditions. The
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Table Il. Meteorological and thermal conditions of the active layer on the dates of obtaining the scenes and in the
period of 7 and 15 days preceding the acquisition of the TerraSAR-X scenes.

AirT.
Dates
°C
10/3/14 047
09/3/15 -0.47
Average for the )
day 13/2/16 0.21
2412116 -0.58
09/3/16 0.02
03/3 a 10/3/14 0.82
02/3 a 09/3/15 0.25
Average of the
last 7 days 06/2 a 13/2/16 0.33
17/2 a 24/2/16 0.24
02/3 a 09/3/16 0.46
23/2 2 10/3/14 0.62
22/2 a2 09/3/15 -0.27
Average of the
last 15 days 29/1a13/2/16 0.61
09/2 a 24/2/16 -018
23/2 a2 09/3/16 0.30

Rn Albedo T5cm M
Wm? °C %
78.58 0 1.58 1318
66.90 0 121 18.94
75.22 0 0.83 1310
81.85 0.19 N 14.45
89.66 0 N 13.47
110.48 0.00 1.80 13.47
68.18 0.03 119 18.92
155.71 0.02 2.72 13.72
97.05 0.09 N 14.20
73.73 0.05 N 13.77
112.81 0.01 1.73 12.99
89.05 0.06 1.07 18.41
156.68 0.04 2.92 13.78
12613 0.03 1.64 13.82
9217 0.07 N 13.71

Air T: air temperature; Rn: net radiation; T 5 cm: active layer temperature at 5 cm depth; M: active layer moisture at 35 cm depth.

N: no data.

electromagnetic radiation, when interacting
with these targets that have liquid water, tended
to scatter in a similar manner.

The land cover classes on the Fildes
Peninsula exhibited high variability across
the five dates, a condition supported by the
coverage areas of each class (Table 1V). During
this period, there was greater variance in the
glacier surface, with the highest variability in
the wet snow class and the lowest variance in
the bare ice class. The highest variance in the
ice-free areas occurred in the moisture content
transition class, while the lowest variance was in
the surfaces with higher moisture content. This
variability is influenced by the surface coverage
of each class, considering that the largest

variations occurred precisely in the classes
with the largest coverage areas. In the ice-free
areas, the transition class of moisture content
stands out because meteorological variations
significantly influenced the physical properties
of seasonal snow, the thawing of the active
layer, and the surface drainage flows resulting
from the melting of snow and ice from different
sources. Each factor mentioned contributed to
the superiority of the transition class in moisture
content in the ice-free areas.

In low-altitude glaciers influenced by
maritime conditions, such as Collins Glacier, it
is essential to monitor the variations that occur
in their surface zones due to the proximity to
the sea. The continuous increase in bare ice
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Table Ill. Performance of Maximum Likelihood and ISODATA methods in classifying ice-free areas and glaciers in

the five TerraSAR-X images.

Maximum Likelihood

Overall accuracy (%)

10/03/2014 0.81

09/03/2015 0.72

Ice-free areas 13/02/2016 0.87
24/02/2016 0.81

06/03/2016 0.85

10/03/2014 0.87

09/03/2015 0.91

Glacier 13/02/2016 0.92
24102/2016 0.84

06/03/2016 0.95

ISODATA
Kappa Overall accuracy (%) kappa
0.72 0.76 0.64
0.58 0.80 0.70
0.80 0.90 0.85
0.71 0.76 0.64
0.77 0.98 0.97
0.80 0.85 0.78
0.86 0.81 0.72
0.88 0.81 0.73
0.76 0.88 0.83
0.93 0.92 0.88

Table IV. Area of each land cover class in Fildes Peninsula on the five dates of TerraSAR-X data acquisition.

Area (Km2)
Class
10/03/2014 = 09/03/2015 | 13/02/2016 @ 24/02/2016 @ 06/03/2016
Wet snow 13.3 19.9 141 17.7 19.5
Glacier | Transition: wet snow - bare ice 10.4 5.0 9.7 6.5 5.5
Bare ice 2.0 0.7 19 0.5 0.8
Higher moisture 21 2.7 35 59 4.8
'Cg;;ee Transition in moisture 89 203 154 149 123
Lower moisture 6.6 6.9 10.9 9.1 12.8

areas can be a negative indicator of glacier
condition, considering that under unfavorable
weather conditions, bare ice will tend to melt,
leading to glacier retreat. On the other hand, the
presence of wet snow can be a positive indicator
because this class results from snowfall
accumulated during autumn and winter (French
2007). Between March 2014 and March 2016, the
Collins Glacier showed a trend of expansion in
the wet snow surfaces and reduction in bare ice

surfaces. The largest areas of bare ice surfaces
occurred in March 2014, corresponding to 7.8%
of the glacier area. In March 2015, there was an
expansion of wet snow surfaces, covering 77.6%
of the glacier surface, which contributed to
overlapping the bare ice surfaces. The sequence
of TSX data between 13/02/2016 and 06/03/2016
shows the high variability of surface zones, with
the wet snow surface expanding in this short
interval of 22 days, increasing from 54.7% to
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75.6% of the total surface of the Collins Glacier.
This expansion of the wet snow surface is
influenced by the snowfall that occurred during
this period. As March marks the end of summer,
it consequently also ends the ablation period in
this study area, it becomes crucial to map the
surface dispersion of wet snow areas during this
period, as there is a tendency for snowfall and
accumulation to begin in the following months.

Due to the lower variance of targets in
the ice-free areas, there was no class with a
notable area variation during the study period.
In the months of February and March, when
intense ablation occurs, the predominant
surface classes tend to be similar. Among the
elements that compose the ice-free areas,
snow is the most susceptible to meteorological
variations, and after its melting, the surface
becomes exposed. During these months, there
is a high propensity for rock and bare soil to
predominate, resulting in low variability of the
classes. Due to this condition, the classification

FILDES PENINSULA SURFACE MAPPING WITH TERRASAR-X

of surfaces emphasized the moisture content
because of the low physical alternation of the
constant targets, with moisture being the most
differentiating factor in the physical condition of
these targets.

The surface classes showed differences in
their coverage areas on each of the classified
dates, and to assess the predominant condition,
we analyzed the intersection between the
classified surfaces on each date, resulting in a
surface containing the predominant condition
over the period (Figure 4). The areas covered by
the classes in the predominant condition follow
the patterns already presented in the individual
classifications. On the glacier, the class with
the largest area was wet snow (85.5%), and the
smallest area was bare ice (0.5%). In the ice-
free areas, the predominant class was surfaces
with lower moisture content (49.6%), while
surfaces with higher moisture content were less
represented (13%).

10/03/2014 oy || 09703/2015 o

13/02/2016

Predominant condition
on the five dates Bl

3112000

3108000

24/02/2016 06/03/2016
Ice-free area g
-ngher moisture B
-Transmnn in moisture
Lower moisture
Glacier
Wet snow
Transition: G
Wet snow - Bare ice E
Bl ice &

.1l NoData

km

UTM Zone 21§
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Figure 4. Surface coverage on the Fildes Peninsula generated from the classification of TerraSAR-X images and the
predominant condition on the five dates.
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The landforms, altitude, aspect, and slope
influence surface targets (Rau et al. 2000,
Andrade et al. 2015). The altitude of the part of
the Collins Glacier covered in this study varies
from 0 m at the parts of the glacier in contact with
the sea to 250 m at the highest points. Through
the intersection between the altitude data and
the surface classified as predominant, we found
that 75% of the bare ice surfaces are between 0
m and 50 m in altitude, while the classes of wet
snow and the transition from wet snow to bare
ice have about 45% of their areas between 100 m
and 200 m in altitude. The predominance of the
bareice class nearthe seais due to the influence
of maritime conditions on the melting of snow
and ice, while the predominance of wet snow at
higher altitudes is due to favorable conditions
for snow accumulation and less maritime
influence. The slopes of the glacier also vary in
their orientations, with 49.2% of the slopes of
wet snow surfaces oriented to the northwest
and 25.6% of the bare ice surfaces oriented to
the southeast. In the Fildes Peninsula between
2012 and 2015, there was a predominance of
northwest winds, and according to Turner &
Pendlebury (2004), northwest winds generally
transport warmer and moister air, whit the
potential to accelerate the ablation process,
while southeast and east winds transport colder
and drier air.

The altitude in the ice-free areas varies
from 0 m on the marine terraces to 180 m at
the highest points on the plateaus. Based on
the estimation of the predominant conditions
of the classes in the ice-free areas, we observe
that the three classes are more concentrated
between 20 m and 60 m of altitude. The
surfaces with lower moisture content, which
are predominant, have a 58.8% occurrence in
this altitude range. Regarding the orientation
of the slopes, there was no prevailing direction
in relation to the others; however, 50.8% of

FILDES PENINSULA SURFACE MAPPING WITH TERRASAR-X

the surfaces with lower moisture content are
located on slopes oriented to the northeast,
south, and east, while the surfaces with higher
moisture content are predominantly oriented to
the west and southwest (44.8% of the total). The
predominance of surfaces with lower moisture
content is also influenced by winds that in
these directions tend to be colder and drier.
When we analyze the relationship between the
predominant classes and the slope, we notice
that in the ice-free areas, 55% of the area of each
class is located on slopes between 3% and 20%,
corresponding to the slightly undulated and
undulated classes. However, there is no pattern
in the slope indicating a significant contribution
to the surface distribution of the predominant
classes.

Backscattering of surface zones

From the classified areas, we obtained the
characteristic backscattering values of each
class. Surfaces with higher water content in
liquid state exhibited lower backscattering due
to electromagnetic radiation absorption. The
lowest backscattering occurred on the wet snow
surfaces of the glacier and on the surfaces with
higher moisture content in the ice-free areas. A
possible cause of the similarity was the presence
of ice on the surface of the rocks, a condition
observed during the fieldwork on 13/02/2016.
After severe snowstorms, it is common to have
ice cover on the surface, resulting in a scattering
pattern on the rocks covered by ice that is
similar to the pattern on the bare ice surfaces
on the glacier. The scattering of snow varies
according to its moisture content, composition,
depth, surface roughness, and density (Albright
et al. 1998).

Despite the bare ice surface and the surfaces
with lower moisture content in the ice-free areas
beingvery distinct,on10/03/2014 and 13/02/2016
these classes had similar backscattering. It is
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important to analyze the surface moisture
content in ice-free areas, as this information
allows us to infer the occurrence of permafrost,
especially when the active layer is undergoing
significant thawing. The Table V shows the mean
values and standard deviation of backscattering
extracted from the TSX scenes for each of the
classes.

Other studies have used SAR data to assess
the backscattering characteristics of cryosphere
targets, with snow and ice being the most
studied targets due to their wider coverage in
this environment. Table VI provides a summary
of backscattering values for the two classes,
including the values obtained in this study and
by other authors who used the C and X bands of
SAR satellites.

The backscattering of surface targets varies
according to the meteorological conditions
preceding the image acquisition. Due to the
high meteorological variability in the Maritime
Antarctic region, it is important to evaluate the
weather conditions preceding the acquisition
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of the scenes. So it is possible to relate the
information from the image and assist in the
correct interpretation of the targets classified in
the images.

Air temperature strongly influences the
melting of snow, ice, and consequently the
active layer (Andrade et al. 2023). The average
temperature for the months of February and
March between 1968 and 2016 was 1.52°C and
0.399C, respectively. The air temperature in
all TSX data obtained in February was below
the historical average; however, the lowest
air temperatures were recorded on the dates
preceding the acquisition of the scene on
24/02/2016. The predominance of lower
temperatures may be responsible for a larger
area of wet snow on the glacier’s surface and
snow in ice-free areas. Among the scenes
obtained in March, the one from 10/03/2014
was the only one with an average temperature
higher than the historical temperature average
on the date and in the period preceding the
acquisition of the scene. The weather conditions

Table V. Backscattering from surface zones in the Fildes Peninsula generated from the TerraSAR-X temporal data

Backscattering (dB)

series.

Surfaces zones 10/03/2014
SD X
Wet snow 144 2.8
Glacier Transition -9.2 1.8
Bare ice -4 4 2.3
Higher moisture -14.8 32

Ice-free S .
area Transition in moisture 10.0 2.6
Lower moisture -43 33

X: average; SD: standard deviation
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09/03/2015 = 13/02/2016 @ 24/02/2016 & 06/03/2016
SD X SD X SD X SD X

-191 5] -18.8 3.0 -19.6 3.8 -19.9 3.7
-13.6 33 -13.2 2.0 -14.1 3.6 -12.7 3.6
24 6.3 -81 2.8 -7.3 81 -3.3 4.2
-19.7 6.2 -19.7 37 -20.8 4.2 -201 L4
-16.4 39 -15.2 2.7 -16.4 33 -14.9 3.0
-10.7 4.3 -9.8 34 -10.6 3.8 -89 34
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on that date may have influenced the glacier’s
condition, with the largest areas of transition
and bare ice. Due to the image obtained on that
date not displaying the entire ice-free area, it is
not possible to quantify the total influence of
this condition on the classified targets. However,
it is believed that on this date, there was a
significant influence of weather conditions on
the surface zones.

The average net radiation in the months of
February and March was 128.5 Wm™ e 68.85 Wm™
respectively. On 03/10/2014, the net radiation
was positive and higher than the average for the
month of March during the study period. This
indicates that there was a gain of energy and
absorption of shortwave radiation incident on
the targets, followed by the release of thermal
energy.0On 03/10/2014, an average albedo ranging
from 0 to 0.01 was also recorded, indicating that
the surface of the monitored area remained
exposed and without the presence of targets
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with high reflection of radiation, causing a high
absorption of incident radiation. The radiation
balance above average on this date may have
been influenced by the surface albedo. The
average temperature in February and March
between 2014 and 2016 was 1.90°C and 0.50°C
respectively.

The active layer temperature at 5 cm depth
on the dates of obtaining TSX data in March
had values above the period’s average, with
the temperature on 03/10/2014 being 1.08°C
higher than the March average. The active layer
temperature at 5 cm depth on the dates of TSX
data in March had values above the period’s
average, with 03/10/2014 standing out, where the
temperature was 1.08°C higher than the March
average. This set of variables indicates that
among the five TSX scenes, the meteorological
conditions most conducive to snow and ice
melting occurred on 03/10/2014, while on
the dates of 02/24/2016 and 03/06/2016, the

Table VI. Backscattering values obtained for the bare ice and wet snow surface zones in different studies.

Radar zones [dB] Band
-15a -10 C
-13a-6 C
Glacier:
Bare ice 13a-6 C
-19.2 a -101 X
-199 a -14.6 X
~-1 X
-25a -15 C
. 22 a-15 C
Glacier:
Wet snow
-25a -4 C
-28.6 a -17.0 X
-14.5a -94 X
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Location

Antarctic Peninsula
King George Island
Antarctic Peninsula
Potter Peninsula
Fildes Peninsula
Everest Mountain
Antarctic Peninsula
King George Island
Antarctic Peninsula
Potter Peninsula

Fildes Peninsula
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Rau et al. 2000
M. Braun, unpublished data
Arigony-Neto et al. 2009
Andrade et al. 2015
This study
Albright et al. 1998
Rau et al. 2000
M. Braun, unpublished data
Arigony-Neto et al. 2009
Andrade et al. 2015

This study
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meteorological conditions were conducive to
less melting, causing a reduction in temperature
and freezing of liquid water.

CONCLUSIONS

Using TerraSAR-X satellite images, we were able
to extract backscattering signals and classify the
different surface targets on the Fildes Peninsula.
It was possible to classify the Fildes Peninsula
into six classes of surface zones, three on the
Collins Glacier and three in the ice-free areas.
The high spatial resolution of TerraSAR-X was
able to detect surface moisture and analyze
the transition in moisture content, both on
the glacier and in the ice-free areas. This was
important for detecting surfaces in freezing or
thawing conditions.

The results obtained in the classifications
varied depending on the date, but all with the
kappa index predominantly showing substantial
and almost perfect values, highlighting the
potential use of TerraSAR-X data for continuous
monitoring of regions in the Maritime Antarctic.
The glacier surface exhibited the greatest
variability in surface targets, mainly in the
wet snow surface class, which has the largest
coverage area on the glacier, while in the ice-
free areas, there was no class with prominent
variability during the study period.

SAR radar satellites are important data
sources for the continuous monitoring of surface
zone variations in the Maritime Antarctic region.
It's worth noting the possibility of obtaining data
continuously regardless of weather conditions
and solar illumination availability.
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