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Abstract: This study investigates the transient snowline (TSL) altitude for summer 2020,
as well as glacial area loss in King George Island Icefields since 1988 using Sentinel-1
and 2 and Landsat Thematic Mapper (TM) imagery. Trends and anomalies in atmospheric
temperature, U-wind, and V-wind were examined using ERA5 solutions. Results show
the wet-snow zone corresponds to values of < -13dB, and 44.3% of the glacial area is
located above the TSL (> 300 m). Glacial area for 2020 is 999.95 km? and losses in the
period represent 1049 km?2 (error <1%) - a retreat of 317 km?2 / year. Glaciers in Keller
Peninsula and Bellingshausen Dome lost the most area (28% and 17%, respectively)
and did not have a TSL in 2020; followed by Warszawa (15%), Krakow (13%), and Eastern
(10%), where the TSL was verified. Percentage area loss values increased with decreases
in dimensions, area above TSL, and maximum elevation. Calving glaciers with ice-flow
toward deeper and steeper submarine sectors (Bransfield Strait) exhibited greater
glacier variations. The trend in warming atmospheric temperature was greater in the
Bransfield Strait than in the Drake Passage. TSL and retreat difference between glaciers
were influenced by climatic and ocean input, as well as multiple environmental factors.

Key words: climate change, glacier fluctuations, NDSI, Sentinel, snowline.

Several studies have shown that the

INTRODUCTION

Over the last few decades, glaciers have been
retreating and losing volume on a global scale
because of anthropogenic atmospheric warming
(Roe et al. 2017, Li et al. 2019, Hock & Huss 2021).
Hugonnet et al. (2021) reported that glaciers
worldwide lost a total mass of 267 + 16 gigatons
per year between 2000 and 2019. According to
the sixth IPCC report (2021), climate change has
intensified at a rate greater than that observed
during the last 6500 years of the Holocene.
Human influence is likely the primary cause of
glacier retreat at the poles and other latitudes
since the 1990s.

Antarctic Peninsula (AP) and the Antarctic
subpolar region have experienced increased
rapid regional warming during recent decades
(King & Harangozo 1998, Kejna 1999, Vaughan
et al. 2003, Ferron et al. 2004, Meredith & King
2005, Aquino et al. 2006, Kejna et al. 2013, Simoes
et al. 2015). The total number of days with
positive air temperature has increased for the
AP in period 1979-2019 (Turner et al. 2021). These
changes could be associated with an increase
in greenhouse gas emissions and other factors,
such as stratospheric ozone loss and the extent
of sea ice cover (Turner et al. 2021).
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Following decades of increasingatmospheric
air temperatures, some authors (Carrasco 2013,
Turner et al. 2016, Oliva et al. 2017, Bozkurt et al.
2020) recorded a cooling period that began in
the 1990s. According to Oliva et al. (2017), this
recent cooling during 1997/1998 was seasonally
variable and more pronounced during the fall
and winter in the N-NE portion of the AP and
the South Shetlands Islands (SSI). More recent
data suggest that this hiatus in atmospheric air
temperature increase may have ended in 2010
(Carrasco et al. 2021).

Glacier responses to climate change may
vary depending on the period and location of
the study area (Pudetko et al. 2018, Li et al. 2019,
Silva et al. 2020). Thus, it is essential to establish
continuous monitoring of glaciers, which is
typicallyaccomplished by remote sensing (Morris
et al. 2006, Silverio & Jaquet 2012, Sanches et al.
2015, Rekowsky et al. 2019) because of their large
size and remoteness (Gjermundsen et al. 2011,
Pan et al. 2012, Paul et al. 2015). Several studies
in Antarctica have successfully used optical
imaging to monitor glaciers (Simoes et al. 2015,
Sotille et al. 2016, Pudetko et al. 2018, Hillebrand
et al. 2019, Oliveira et al. 2019, Silva et al. 2020).

In general, monitoring results for the AP
and Maritime Antarctica glaciers show that
they are receding, primarily as a consequence
of increasing mean atmospheric temperatures.
Additionally, studies have linked tidewater
glacier retreat to sea-level rise (Cook et al. 2005,
2016, Davies et al. 2012).

The subpolar maritime region of Antarctica,
where King George Island (KGI) is located, is
a crucial monitoring area for understanding
glacier responses to changes in air temperature
(Simoes et al. 1999). According to one of the
most recent orbital remote sensing data
mapping across the KGI glacial area (Braun &
Rau 2000), glaciers covered 93% of the island
in 1996/1997 (1.250 km?2), justifying the need to
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update the data. In addition, glaciers located
in the peripheral portion of Antarctica could
significantly contribute to potential future sea
level rise (Edwards et al. 2021, Hugonnet et al.
2021).

This study utilizes orbital remote sensing
data to investigate the area and the transient
snowline altitude (TSL altitude) of icefields and
glaciers in KGI for the year 2020 and compares it
to the data for the same from the years 1988/89.
Furthermore, this research contributes to the
understanding and continuous monitoring of
the effects of climate change in the cryosphere
using remote sensors. Finally, this study provides
data for use in other KGl research projects, such
as the monitoring of ice-free zones.

MATERIALS AND METHODS
Study area and background

KGI is the largest of the SSI (Simoes et al. 1999,
Blindow et al. 2010, Osmanoglu et al. 2013), and
it is located north of the AP, between 57°3%
and 59°02'W, and 61°54" and 62°16" S (Simdes
et al. 1999, Blindow et al. 2010). According to
Osmanoglu et al. (2013), KGI is approximately
70 km long and 25 km wide, with topography
elevated up to 700 m. The icefields on the island
include: Arctowski Icefield (Al), Warszawa lcefield
(W1), Krakow Icefield (KI), central part (CP),
eastern part (EP); the Bellingshausen Dome (BD)
was also considered, along with some glaciers
present on the Keller Peninsula (KP) (Figure 1).
According to Riickamp et al. (2012), ice velocities
range from 0.7 m a™' at domes and dividers to
1121 m a” along steep slopes and outlet glaciers.
Between 2008 and 2011, Osmanoglu et al.
(2013) highlighted maximum ice surface speeds
reached >225 m a™'. The total ice discharge for
the analyzed flux gates of KGI was estimated to
be 0.720 + 0428 Gt a™.
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Figure 1. Location of KGI, including its ice fields, South Shetlands, Drake Passage (DP), Bransfield Strait (BS) and its

bays. BD: Bellingshausen Dome.

Precipitation in KGlI is characterized by high
annual variability, with an estimated average
of 701.3 mm during the 1968-2011 period (Kejna
et al. 2013). The observed annual average air
temperature was approximately -1.5°C, with
the average warmest month being January
(2.4°C) and the coldest was June (-5.6°C) (2012
observations) (Sobota et al. 2015).

Glacier monitoring in KGI highlights their
retreat in different periods and geographical
portions. These include: (i) The Admiralty
Bay between 1979 and 2000 (Arigony-Neto
et al. 2001); (ii) The KI glaciers between 1988
and 2017 (Oliveira et al. 2019), as well as the
transformation of marine glaciers to non-marine
glaciers and new ice-marginal lakes (Perondi et
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al. 2020, Petsch et al. 2020; Oliveira et al. 2021);
(iii) The BD between 1980 and 2000 (Braun &
GoBmann 2002, Ruckamp et al. 2011, Simoes et
al. 2015); (iv) The Polar Club glacier between 1986
and 2011 (Poelking et al. 2014); (v) The Wanda
Glacier and Ecology during the period 1979-2010
(Rosa et al. 2009, 2015a); (iv) The Dragon glacier
between 1979 and 2010 (Rosa et al. 2014), and
for glaciers facing the eastern sector of the WiI
between 1961 and 1996 (Kejna et al. 1998), 1979
and 2017 (Pudetko et al. 2018, Szito & Biatik 2018,
Perondi et al. 2019, 2020), and between 1979 and
2020 (Rosa et al. 2020); Finally, (iv) the Sphinx
and Ecology Glacier between 1979 and 2012
(Sobota et al. 2015). There is also an increase in
the number of lakes in some southern sectors
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of the island that face bays (Rosa et al. 2020,
Oliveira et al. 2021).

Given that the other important patternis the
behavior of the TSL to understand the pattern of
the glacier, and this will be the level at which
snow turns to solid ice (also referred to as the
firn line) and is used to estimate the ELA (Bakke
& Nesje 2011, Falk et al. 2018). The final height
of the TSL at the end of the melting season is
subject to climatic variability and thus varies
from year to year (Konz, 2011). According to Falk
etal. (2018) the transient snowline altitude in KGI
was determined to be near 250 m.s.l. at the end
of February 1997 (late-summer snowline) and it
was regarded as an approximation of the ELA
for the 1996/97 ablation season. It is possible to
detect the TSL altitude through remote sensing
images and a Digital Elevation Model (DEM). This
study utilized radar images because the radar
signal can penetrate the ice or snow surface of
the glacier zones (Rau et al., 2000).

Table I. Database used in the study.

Spatial
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Database

The Sentinel-2B image was acquired in the
middle of the ablation season due to cloud
cover in some sectors on dates near the end
of the ablation season. The Sentinel-1 IW image
was selected because it is photogrammetrically
similar to the image used in the most recent
KGI study carried out by Braun et al. (2000). This
allows for distinguishing the zones.

Glacial drainage dividers provided by the
Global Land Ice Measurements from Space
(GLIMS) were used to map the area during the
1980s and the 2020s. Data from the Quantartica
project, such as bathymetric data, and the
Antarctic Digital Database (ADD), such as the
coastline, were also used (Gerrish et al. 2020).

ERA5 data were used in this study to
analyze trends and anomalies in atmospheric
temperature and wind (U-Wind, V-Wind). ERA5
solutions were placed on a 0.5-degree resolution
grid. Precipitation and temperature data for

Data/Sensor Date Bands Resolution Data type Source
Landsat 4 TM 02/27/1988 | 1,2,3,4€5 30m Optical https://earthexplorer.usgs.gov/
Landsat 4 TM 01/28/1989 3,21 30m Optical https://earthexplorer.usgs.gov/
N . https://scihub.copernicus.eu/
Sentinel-2B 01/19/2020 12,3,4,8 /1110 mand 20 m Optical dhus/#/home
N https://scihub.copernicus.eu/
Sentinel-1 IW HH | 03/20/2020 C 5%x20 m SAR dhus/#/home
Digital . .
TanDEM-X 2016 X 2m Elevation Eztﬁéxéioéé%%ggaea'de/ 101594/
Model (DEM) :
Digital . .
IBCSO 2013 - 500 m x 500 m | Batymetric E;tﬁéxéioébp;ggaea'de/ 101594/
Model (DBM) :
GLIMS 2000 - - - https://www.glims.org/

Antarctic Digital
Database (ADD)

Quantarctica - - -

ERAS - - -

https://www.scar.org/resources/
antarctic-digital-database/

- https://www.npolar.no/quantarctica/

https://www.ecmwf.int/en/forecasts/
datasets/reanalysis-datasets/era5
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four days prior to the Sentinel 1 IW image were
obtained from the Chilean Meteorological
Service (Direccion Meteorologica de Chile),
since the Brazilian Comandante Ferraz Antarctic
Station (-62.08°S, -58.39°W; 5 m a.s.l.), installed
by the Brazilian National Institute for Space
Research (INPE), provided data for the 1986-2013
period (Monitoring was only activated in 2022).

Image pre-processing

Sentinel-1 IW Level-1 Ground images were
pre-processed using the Sentinel Application
Platform (SNAP) and European Space Agency
tutorial (2021) as well Zhou et al. (2021) have
applied to, excluding the mosaicking of the
images. A subset of the study area was created,
and the Orbit File was used to incorporate
information about the satellite’s position and
speed. Subsequently, we applied thermal noise
removal and performed calibration to adjust the
backscatter values. To correct image distortions,
range-Doppler terrain correction was used with
the DEM GETASSE30 provided by the software
for image orthorectification, the DEM by Braun
et al. (2016) can be applied in future works to
evaluate the results of the range-Doppler terrain
because with REMA (Howat et al. 2019) showed
problems of spatial coverage for some coastal
portions and that could not be neglected,
since they constitute areas of interest for this
research. Velho et al. (2011) suggested using the
Lee filter. The Lee sigma filter of the Speckle-
Filter tool was applied with a 3x3 window in the
calibrated images (Da Rosa et al. 2020). The Lee
filter with a 5 x 5 window was applied to reduce
speckle noise. Other windows were tested, but
the 5 x 5 showed a decrease in noise. Landsat
4 TM images were co-registered with the 2020
Sentinel-2B image, with less than 1-pixel error.
In image registration, an error of = 1 pixel was
observed by other authors (Nie et al. 2013, Li
et al. 2020). The semi-automatic classification
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(SCP) (Congedo 2016) complement was used in
the QGIS 310.2 software, with the Dark-Object
Subtraction (DOS) method for atmospheric
correction of optical images.

NDSI and NDWI and mapping validation

To monitor the study region, shapefiles with
the new area values for KGI were generated
using image interpretation techniques, manual
vectorization, and semi-automatic mapping
using the normalized difference snow index
(NDSI) (Dozier 1989, Hall et al. 1995a) and the
normalized difference water index (NDWI)
(Mcfeeters 1996). Validation was based on eight
control points collected with a Garmin GPS
during the OPERANTAR XXXVIII expedition in
February 2020 and used to differentiate targets.

As demonstrated by other authors, the
Landsat 4 TM (Dozier 1984) and Sentinel-2B
(Hillebrand et al. 2019) can distinguish between
snow, ice, and clouds. NDSI was specifically
chosen because it is an index that facilitates the
differentiation of these targets and has been
used successfully by other authors (Albert 2002,
Morris et al. 2006, Silverio & Jaquet 2012, Sanches
et al. 2015, Rekowsky et al. 2019, Hillebrand et al.
2019). This index is calculated using the green
and SWIR bands, which distinguish these targets
because snow and ice reflect more in the visible
(Racoviteanu et al. 2008); however, for the 1.57-
1.78 um range, snow has low reflectance and
targets such as clouds have high reflectance
(Dozier 1984, Hall et al. 1995b). The following
band ratio was used to generate the NDSI for
each sensor:

_ (Band 3) - (Band 11)
NDSI (52) "~ (Band 3) + (Band 11)
_ (Band 2) - (Band 5)
NDSI (“*) = (Band 2) + (Band 5)

NDWI has also been successfully used in
Antarctica to monitor aqueous environments
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(Oliveira et al. 2021, Rosa et al. 2021). It is
calculated from the following band ratio:

NDWI (S2) = Gerasr+(Band s

NDWI (L4) = (gana5+ Bana
Following the union of NDSI and NDWI,
rasters were transformed into shapefiles (Figure
2) based on the generated classes (rock, cloud,
glacier, and water). Consequently, targets that
did not correspond to the framed class, such as
rock-faced pixels covered in fresh snow, could
be excluded from the analysis. Pixels with no
values were excluded from the analysis. The
generated vector file was intersected with the
GLIMS vectors to divide the area by glacial
drainage dividers. Because of the presence
of clouds in the region, some cloud pixels
were superimposed on the glaciers and were
considered in the quantification of the glacier
area, as were some water pixels due to the
presence of supraglacial water over glaciers.

The mapping errors and uncertainties were
quantified according to Stokes et al. (2019).

Generation of transient snowline altitude and
radar zones

Because cloud cover can limit the availability
of optical images (Fatras et al. 2020), the use of
active sensors in monitoring the study area is
beneficial. Following the methodology proposed
by Zhou & Zheng (2017), two radar zones were
identified in the Sentinel-1 IW image using
backscatter and altitude (2020).

A zone between -15 dB and -17 dB was
identified and considered to be a bare ice zone
through visual interpretation of the image. Lower
values were discovered at lower elevations
(< 300 m), primarily near the Drake Passage
(DP) coast. The TSL minimum altitude for KGI on
March 20, 2020, was 300 m elevation. This was
determined by interpretation of the SAR image.

SHORT-TERM GLACIER AREA CHANGES AT ANTARCTICA

A new raster for the area was created based
on these limits, which were then transformed
into a shapefile and intersected with the GLIMS
glacial drainage limits. Some targets, such as
rock outcrops or shadow areas, were manually
deleted.

Statistical analysis

Graphs of mean and standard error were
generated for the glaciers facing the DP sector
and those facing the Bransfield Strait (BS)
sector to better understand the results and
dynamics at work in KGI. The EP was used as a
case study to compare data regarding percent
area loss, percent area above TSL altitude,
and bathymetry. Statistical analyses of the EP
were also performed. This area had significant
percentage losses compared to the icefields
with the highest elevation. This area also had
glaciers facing both sectors of the KGI, with
those facing the BS in more open bays.

RESULTS
Radar zones e TSL altitude

Prior to the acquisition of the Sentinel-1 IW
image, precipitation occurred on three of the
previous five days (March 16, 17 and 19), and
the average temperatures were above the water
melting point of the snow on three of those days,
March 16, 17 and 18. Maximum and minimum
temperatures were positive on March 16 and 17.
(Table I1).

Based on the zones proposed by Paterson
(1994), two radar zones were identified in the
Sentinel-1IW radar image (Table Ill and Figure 3):
wet-snow and bare-ice zones. The wet-snow
zone is observed in the darkest parts (<13 dB)
and covering most of the highest elevation of
the icefields. As shown in Table Ill, other authors
have found different values for wet-snow and
backscatter from the bare-ice zone.
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Figure 2. Illustration of the NDSI Classification in the Warszawa Ice Field, a complex area chosen for validation.

(a) Landsat 4 TM image (January 28, 1989) in RGB 321 composite showing glacier fronts in contact with ice-free
subaerial areas. (b) NDSI classification result showing the values of the stretched targets. (c) Raster reclassified
for glaciers using a threshold > 0.5. (d) Final glacial cover mapping for the L-4 image (after applying the proposed
methodology). (e) Sentinel-2 image (January 9, 2020) in RGB 432 composite showing glacier fronts in contact

with ice-free subaerial areas. (f) NDSI classification result showing the values of the stretched targets. (g) Raster
reclassified for glaciers using a threshold > 0.7. (h) Final glacial cover mapping for the S-2 image (after applying the

proposed methodology).
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KGI has an average maximum glacier
elevation of approximately 432 m, and more than
55% of the total glacial area of the island (553.78
km2) is located at elevations higher than 300 m.
In terms of the total area of TSL altitude (443.04
km?2), this corresponds to 44.3% of the total
glacial area. The coefficient of determination
between the area above TSL altitude and the
percentage loss of glacial area was 29.52%, with
a negative trend line.

Icefields containing data values for TSL
altitude were EP, CP, WI, Al, and KI. Some glaciers
in KP and BD did not show attitude TSL because
they were either below 300 m in altitude or did

SHORT-TERM GLACIER AREA CHANGES AT ANTARCTICA

not have the proposed backscatter intervals.
The CP has the highest percentage of area above
TSL altitude (55%) and a maximum elevation of
726 m. Compared to the other icefields where
the TSL altitude was recorded, the WI had the
smallest percentage area (29%). The Al had a
percentage area of 53%, EP of 40%, and K| had
an area of 33%.

Method validation

In the 2020 Sentinel-2B image, the ranges of the
NDSI-covered classes (rock, cloud, and glacier)
were defined as 0.2 to 0.7 and > 0.7 respectively.
The NDWI range denoted the aqueous body

Table Il. Climatological data for the Chilean Antarctic station Frei
Montalva, including average data for surface air temperature at 2 p.m. for
the days preceding the acquisition of the Sentinel-1 radar image.

Frei Montalva Station - Climatological data

Date Mean °C Min. °C Max. °C
03/16/2020 21 14 29
03/17/2020 11 01 2.0
03/18/2020 -0.5 35 26
03/19/2020 21 -3.6 -0.5
03/20/2020 -3 -6.2 0

Precipitation

1.0 mm

12 mm

0.3 mm

Table IIl. Backscatter intervals for the Bare Ice Zone and the Wet-Snow Zone proposed by different authors in

other studies.

Radar

zone Backscatterring Sensor/Type Polarization = Band |Source
-12 to -10 dB ERS-1 W C Smith et al. (1997)
Bare-ice 13 to -10 dB ERS-2 W C Braun et al. (2000)
zone 14 to -6 dB ERS-1/2 Vv C Rau et al. (2000)
-17 to -15 dB Sentinel-1 / GRD HH C This study
-22to -6 dB ERS-1 (A% C Smith et al. (1997)
-22 to -15 dB ERS-2 vV C Braun et al. (2000)
Wet-snous 25 to -15 dB FRS—1 /2 W C Rau et al. (2000)
zone <4 dB Sentinel-1 / GRD HH C Zhou & Zheng (2017)
299, 2854 dB E”‘”Sgt/ SEBEQ?A‘;QA and WU JHH/HH | C Zhou etal (2021)
< -13dB Sentinel-1 / GRD HH C This study
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Figure 3. a) Wet Snow (WS) and Bare Ice (BI) zones, b) topographic contour and c) Transient Snow Line
identified in 2020 Sentinel-1 IW radar image (summer).
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class as values > 0.2. The NDSI ranges for the
1988/89 Landsat-4 TM images were < 0.1 for
rock, 01 to 0.5 for clouds, and > 0.5, clouds, and
glaciers, respectively. For aqueous bodies, the
NDWI range was defined as > 0.2. These results
are consistent with the findings of other authors,
who also reported different values (Table V).

In 2020, the estimated area covered by
glacierswas 999.95 km? compared to 1104.8 kmZ2in
1988/1989. Differences between NDSI-generated
and manual vectors were minor (0.6% in 2020
and 0.23% in 1988/1989 for the entire KGI). This
may be attributed to the contact areas between
the glaciers and rocky features. In the validated
area of analysis (WI), the total area estimates
for the entire KGI have less than 1% uncertainty.
Validation was considered satisfactory when
observing the correspondence between the
target and control points (Figure 4).

Variation in glacier area and environmental
conditions

Total glacial area loss for KGI during the studied
period was 101.34 km? (error < 1 km2) when
considering the values of the spectral indices
and 104.85 km? when considering the manual
vectorization (Figure 5). In terms of spectral
indices values, glacial area loss showed a 915%

SHORT-TERM GLACIER AREA CHANGES AT ANTARCTICA

decrease in the KGI over 32 years, a rate of 317
km? per year.

WI is an icefield that shows a TSL altitude
and has the highest percentage of area loss,
15.6%, for the study period. The Al lost 6.3% of
its glacial coverage area, Kl lost 13%, and EP lost
10.4%. At elevations of up to 25 m, a percentage
loss of glacial area was found — 98% for Ki
and greater than 90% for the other icefields
(Figure 6). Concerning the other quotas, Wl and
BD had the highest percentage losses.

WI showed an 82% loss in elevations
between 25-50 m, 51% in 50-75 m, 49% in 75-100
m, 18% in 100-150 m, 10% in 150-200 m, 5% in
200-250 m, and 118% in elevations greater than
250 m, which is the only icefield with loss values
greater than 1% at this level. In contrast, BD
showed 97% loss at elevations < 25 m, and 85%,
69%, 23%, 4%, and 1% for the 25-50 m, 50-75 m,
75-100 m, 100-150 m, and 150-200 m elevations
ranges, respectively.

All icefields showed losses at elevations of
< 200 m (Figure 6). The average loss for class <
25 m is 96%. For the other quotas (25-50 m, 50-
75 m, 75-100 m, 100-150 m, 150-200, 200-250 m,
and > 250 m) the values are 63%, 42%, 25%, 8%,
4%, 2% and 0%, respectively. The EP experienced
significant losses at elevations of 0-25 m and

Table IV. Reflectance intervals for ice and snow proposed by various authors in other studies, as well as

the sensor used.
NDSI value
0,4
0,39 e 0,47
0,59

0,55e09

0,2 - 0,67 wet snow zone or water zoner e, 0,67 > SNnow zone

0,7 > glacier and snow zone

0,5 > glacier and snow zone

Sensor Source
Landsat TM | Morris et al. (2006)
Landsat TM | Silverio & Jaquet (2012)
Landsat TM | Sanches et al. (2015)
Landsat TM | Rekowsky et al. (2019)
Sentinel-2 | Hillebrand et al. (2018)
Sentinel-2B | This study
Landsat TM | This study
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Figure 4. Field control points and the automatic classification obtained by NDSI and NDWI. (a) S-2B image
(taken on January 9, 2020) showing the front of Windy Glacier - Windy Mor1 (1); Windy Mor2 (2); Windy Mor3
(3); and Windy Mor4 (4). (b) Field control points and the automatic classification obtained by NDSI and NDWI
in the Windy Glacier’s front. (c) S-2B image (taken on January 9, 2020) showing the front of Baranowski
Glacier - Lateral Moraine (1); Recessional Moraine (2); Bara Sub1 (3); and Subsurface Bara (4). (d) Field
control points and automatic classification obtained by NDSI and NDWI in the Baranowski glacier’s front.
(Control points were obtained by Denni Moraes, during OPERANTAR XXXVIII).
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Figure 5. Illustration regarding the loss of area of glaciers, with their respective glacial drainage dividers, from KGI
in the years 1988 - 1989 to the year 2020, with differentiation of marine and land-terminating glacier - terrestrial
or lacustrine. In addition to the bathymetric lines surrounding the KGI.

25-50 m (97% and 64%, respectively), which was
greater than the average percentage loss in both
cases. The same pattern was observed for WI
and BD.

Figure 7(a) shows a graph of the percentage
loss of average area per KGI sector. One may
observe that the sector-oriented toward the
BS shows higher losses. The glaciers in this
sector (58 in total) lost approximately 20.53% of
their area during this period. For DP, this value
was 9.38%. The Drake sector (13 glaciers) has a
greater standard error (0.034), while the BS has a
value of 0.025. Figure 7(b) shows the percentage
of average area loss in relation to the glacier
terminus type in the KGl, including the Collins
Glacier.

The atmospheric temperature warming
trend is greater in the Bransfield Strait (BS)
compared to that of the DP (Figure 8). The winds
at 10 m show that V-Winds are relatively slow
and U-Winds are relatively fast; consequently,
the wind vector will be more influenced by
the U-Wind. The 10-meter V-wind anomaly
(2011/2019-1979/2010) over the islands appears
opposite on the north and south sides, that is,
from the south and the north (Figure 8e).

Regarding bathymetry, one of the
parameters used to characterize glacier fronts, a
steeper topographic profile was observed near
the coast in the sector facing the BS. In terms of
glaciers with a non-marine terminus, only one
facing the DP (ID GLIMS 288746) was observed;
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Figure 6. Comparison graph of the ice fields area for
the period of analysis, separated by elevation quotas
of 0-25 m, 25-50 m, 50-75 m, 75-100 m, 100-150 m, 150-
200 m, and > 250 m.
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the other glaciers with this feature are either
the Collins Glacier (ID GLIMS 288411) in the BD
or facing the BS. Compared to the BS’s coastal
sector (Figure 5), greater distance ranges from
bathymetric elevations in the DP represent a
smaller topographic amplitude, that is, a smaller
slope. The southern sector of the KGI had the
greatest variation in elevation. Glaciers in the
KP (glaciers without an icefield) and BD have the
highest percentages of loss (28.2% and 17.4%,
respectively).

Case study - glaciers of the Eastern Part

In the EP, the highest rates of glacial area loss
were observed among the icefields with the
largest area, which also flowed in the DP, in
addition to the Al and CP. Despite having high
elevation points (maximum elevation of 739
m), the EP has the lowest percentage of area
at elevations above 300 m (50.7%). In contrast,
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Figure 7. (a) Graph of the percentage of average area loss of the KGI glaciers by sector and the standard error
for the analysis sample, excluding the Collins glacier, which is located in the BD. (b) Graph of the percentage of
average area loss of the KGI glaciers by terminus type, land-, lacustrine- or marine-terminating, as well as the
standard error for the sample, which included all glaciers in the study area.

An Acad Bras Cienc (2023) 95(Suppl. 3)

€20211627 13|26



JULIA L. LORENZ et al.

SHORT-TERM GLACIER AREA CHANGES AT ANTARCTICA

a 15
2 , b
-25 05
3 0
35 0.5
4 -1
-45 15
ol -2
-5.5 -2.5
DA DO DDA DODON PO DDOAN PO DDA S ODDONLPODPON OO QN PO NN POV A PO IO NIRRT ONA oD O
500 00 o0 00 o0 o0 ol o0 o o\ ol o\ o\ ol o o oP P R D DD PR PSR NN e Do
PP IFFE I I IRV P T FPF PRI T I PP FF S P DD PP R RO P A D e G G R PO S
05 15 d
0 1
05
-0.5
0
-1
-05
15
-1
-2
1.5
-25 2
-3 -25
DN IO DDA DODON TN PODPDONFPODPDN PO P OD 020 DA DO DDA DO DONANANODD N PODIO NI PO PP OB 0.0
“"\“’"\‘*"\“"\“’b’\‘*\“b\“b\“%\*\“«\")\\“«\“«\q«\“%\“b\‘aﬁx“%\“%\“Q\“q\°’Q\"q\“meQ'ﬁem§m§m°°'x“\w?\ﬂ,“\1,°\‘L°\¢°W \“L'\"L’\“"\“"\‘”"\“b\“b\qb\“b\*\‘*«\“«\‘*’\\“4\“‘1\“%\“%\“\*\“%\@\"Q\“q\“q\‘*nq,“em@¢'°°'\,§m“°¢°\mex“\w?\x“\m@

10m V-Wind Anomaly (m/s)
Annual 2011-2019 - 1979-201

—

45°W

60°W

75°W

90°W

105°W F

120°W

0

-0.5
ClimateReanalyzer.org | Climate Change Institute | University of Maine

ECMWF ERAS5 (0.5x0.5 deg)

0.5

Figure 8. a) Annual 2m Temperature (2C) and b) Annual 2m Temperature (2C) anomaly in Bransfield Strait sector
near at the KGl in period 1950-2020; c) Annual 2m Temperature (2C) and d) Annual 2m Temperature (2C) anomaly in
Drakes Passage sector (just north of the islands) in period 1950-2020; e) Mean 2011-2019 V-Winds minus 1979-2010

Average.

An Acad Bras Cienc (2023) 95(Suppl. 3) €20211627 14| 26



JULIA L. LORENZ et al.

the CP and Al values for the same were 67% and
65.4%, respectively.

Glaciers facing BS, such as Poland Piedmont
(ID GLIMS 287457) and Hektor Icefall A (ID GLIMS
288875), demonstrated high area loss values of
374% and 53.7% of percentage area above TSL
altitude, respectively. In terms of bathymetry,
these are glaciers that have a short distance
from the -15 meters curve (Figure 9).

Smaller losses and a greater distance from
the bathymetric curve of -15 m were observed for
glaciers facing the DP, such as Eldred (ID GLIMS
287732), and Drake (ID GLIMS 289750). Eldred
Glacier still has 75.2% of its area above the
TSL elevation. The coefficient of determination
between the bathymetric distance from the
glacial margin to depths greater than 15 m and
glacial area loss was 2715%. The trend line was
negative.

SHORT-TERM GLACIER AREA CHANGES AT ANTARCTICA

DISCUSSION

Potentials and limitations of glacier
monitoring methodology and data

Potentials and limitations of radar zones
identification

In terms of the association with glacier
zones, a wet-snow radar zone comprising the
accumulation portion and a bare ice radar zone
in the ablation area could be identified. When
usingthe Cband, the backscattervalues resulting
from glacier radar zones vary depending on the
author and date of the analysis, as evidenced
by other studies. For wet-snow zones in the
ablation season, Smith et al. (1997) discovered
values ranging from -22 to -6 dB (initial melting
snowpack, metamorphosed and roughened
melting snow surfaces), and Braun et al. (2000)
obtained for KGI intervals of -22 to -15 dB. These
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Figure 9. Graph of glaciers in the Eastern Part, excluding those that face Destruction Bay and those that end on
land. The percentage area loss information for the analysis period is shown in bars, the percentage area above
TSL altitude in black, and in gray is shown the distance in kilometers from the glacier margin to bathymetric

elevations equal to or greater than 15 meters depth.
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dissimilarities can be for the difference in the
region analyzed in both studies (icefield in British
Columbia and KGI). The backscatter values of <
-13 dB obtained in our study may be associated
with the presence of water, as wet snow absorbs
more radiation (Zhou & Zheng 2017). This
image context is inferred by the distribution of
positive temperature and precipitation averages
in the days preceding image acquisition. It is
worth noting that interpreting radar images
in conjunction with meteorological data is
recommended for future studies involving
Maritime Antarctica, as it aids in understanding
the image backscatter variation.

In the bare ice zone, there are larger
differences between the backscatter values
observed in our study and those found by Smith
et al. (1997) (-12 to -10 dB) and Braun et al. (2000)
(-13 to -10 dB). This may be attributed to the
use of different sensors for target identification
and also for the difference in the polarization.
Backscatter from ice or water is affected by the
radar wavelength, polarization, and angle of
incidence (Makynen et al. 2002). The incidence
angle of the Sentinel-1 IW image is 20-45
degrees, which modifies the feedback signal
measurement. Higher incidence angles exhibit
changes in backscatter due to the characteristics
of the ice column (Atwood et al. 2015).

Furthermore, backscatter value thresholds
for bare ice and wet-snow zones were not
uniform across all glaciers because of the
surface roughness factor. This factor is relevant
for the analysis of the results, as demonstrated
by Lewis & Henderson (1998). As observed in
the icefield, glacier points with varying slopes
produce different radar signal responses. This
same occurrence is observed in the roughness
of the crevasse sectors in glaciers, which are
generally located towards its terminus.

An Acad Bras Cienc (2023) 95(Suppl. 3)
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Potentials and limitations of using spectral
indices

The application of spectral indices (NDSI and
NDWI) in the region under analysis proved to
be effective for delimitation of glacial areas and
features. The indices results were comparable to
the results obtained manually and considered
satisfactory according to the methodology
proposed by Albert (2002). According to
Pudetko et al. (2018), given the current trend in
developing satellite observation systems, high-
resolution data (spatial, spectral, and temporal)
will be easily available for polar regions in the
near future, promoting glacier monitoring. It
is noteworthy that the results of this current
research contribute to the consolidation of
semi-automatic glacier front mapping methods
and techniques for other areas of Maritime
Antarctica.

The existence of errors and uncertainties
may result from pixels relating to boundary
zones. The spectral mixtures of different targets
may also contribute to error and uncertainty
(Shimabukuro & Smith 1991). For example, one
of the icefield control points in the study area
is near the exit of a subglacial channel. This
may affect the spectral response because of the
greater humidity in the area.

Changes in KGI glacial cover and the formation
of new ice-free areas resulting from glacier
outline elevation

In 2020, the KGI presented a lower percentage
of glacial coverage area (80.5%) when compared
to the area found in 1996/97 (93%) by Braun &
Rau (2000). These findings show that the glacier
area on the island has continued to decrease
over the last few decades. This is in agreement
with reported observations from analyses in
several studies conducted on the island in the
years preceding 2020 (Arigony-Neto et al. 2001,
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Rickamp et al. 2011, Rosa et al. 2015a, b, Simoes
et al. 2015, Pudetko et al. 2018, Szito & Biatik
2018, Perondi et al. 2019, 2020, Oliveira et al. 2019,
Petsch et al. 2020).

The rate of glacial area loss (3.2 km?/year)
in 1988-2020 period shows good agreement
with the findings of the climate series analysis,
which include regional warming trends between
1948 and the first decade of the 21st century.
Research concerning the regional warming
trends includes Braun & GoBmann (2002) and
Turner et al. (2005a), as well as the resumption
of regional warming identified by Carrasco et al.
(2021). This region has also seen an increase in
the number of days with liquid precipitation and
snow since the 1950s (Turner et al. 2005b) and
an increase in the number of days with positive
temperatures (Turner et al. 2021).

Approximately 30% of the KGI being located
at elevations less than 250 m (Braun & Rau
2000). The study data indicate that areas with
the greatest glacial loss are those located at
elevations < 250 m. These areas account for 97%
of the area showing glacial losses. This scenario
is especially concerning for glaciers situated at
lower elevations; for example, the Collins - BD
glacier has a maximum elevation of 270 m. In
this bias, Rickamp et al. (2011) note that if the
current rates of atmospheric warming continue,
this glacier will disappear in approximately 285
years.

If this glacial area loss scenario is
maintained, new ice-free areas may appear in
icefields at higher elevations, such as the EP.
This is due to higher retreat rates in this icefield.
Furthermore, the EP has 49.3% of its area at
elevations less than 300 m.

SHORT-TERM GLACIER AREA CHANGES AT ANTARCTICA

Differences in the behavior of Icefield terminus
and the influence of local environmental
factors

Elevation and TSL altitude as conditioning
factors

Regarding the elevation obtained for the TSL,
it was verified by comparison to other authors:
Jiahongetal.(1998) defined the TSL at altitudes of
140-150 m a.s.l. for the period 1985-1992; Simoes
et al. (1999) identified the TSL at altitudes of
300-350 m in 1988 using the SPOT sensor; Braun
et al. (2000) documented the TSL in 1996/97 at
altitudes close to 250 m a.s.l. using the ERS-2
SAR sensor, and Falk et al. (2018) observed the
equilibrium line altitude at an altitude of 260+20
m for 2010-2015 using the SPOT-4 sensor.

Glacialarealoss occurredin allicefields, with
the KI and WI showing the highest percentage
area losses at elevations > 150 m. However, the
greatest observed losses occur in low-elevation
and/or with no area above the TSL elevation of
the Icefields. As a result, it is understood that
these factors are related to the loss of glacial
area verified for the island.

The percentage of the glacial area above the
TSL altitude is related to the glacial area loss
for all KGI glaciers. Thus, as previously stated by
Bakke & Nesje (2011), the greater the percentage
of the area above the TSL elevation, the smaller
the loss of glacial area. Regarding the association
of glacier maximum elevations, the higher the
glaciers, the smaller the loss of area.

The EP had a lower proportion of areas
above elevations of 300 m than the Al and CP.
These differences can be explained by higher
ice discharge in sectors facing the fjords and
BS, primarily influencing the losses of the EP,
which has more glaciers facing the south sector
of the island (fjords and BS) than the Al and CP.
Elevation variations were greater in BS than in
DP. Braun & GoBmann (2002) highlighted that
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the slopes on the north and northwest coasts
are gentler, in contrast to the steeper slopes of
the shores to the south of the island.

One of the EP glaciers (ID GLIMS 289416)
did not have an area above the TSL elevation
and had a low percentage area loss (5.62%); this
glacier had the smallest size of any glacier in
the EP sample. Osmanoglu et al. (2013) identified
glacier flow velocities. While the authors use
different glacial drainage dividers, it is noted
that the region in which this glacier (ID GLIMS
289416) is located has lower flow velocity rates.

Nonetheless, elevation errors in the digital
elevation model (DEM) result in errors and
uncertainties in the minimum values of the
TSL elevation in some areas of the study area,
which coincide with sectors of greater slope
and possibly with the presence of crevasses.
Therefore, it is critical to use DEM that has
been digitally processed to correct elevation
inconsistencies caused by the generation and
acquisition method.

Land-terminating glaciers retreat

Over the past 50 years, large areas along
the southern coast of the KGI have lost their
permanent ice cover, as noted in the ERA-5 data,
which revealed a stronger warming trend for the
BS. As a result, several new nunataks emerged,
demonstrating a significant reduction in glacier
thickness (Pudetko et al. 2018). Land-terminating
glaciers showed a 10.62 km? of glacial retraction
between 1988/1989-2020. As observed by Perondi
et al. (2020) in 2019, a change of 25% of the area
of land-terminating glaciers occurred in the
last two decades. There was 3.24 km? area loss
in the temporal analysis of water-terminating
(lacustrine environment) glaciers.

Area loss in land-terminating glaciers
(including water-terminating glaciers)
creates new ice-free areas and imposes new
environmental dynamics and configurations

SHORT-TERM GLACIER AREA CHANGES AT ANTARCTICA

on the environment, making it vulnerable to
paraglacial activity (Ballantyne 2002). According
to Rosa et al. (2021), there was a 316% increase
in the area of glacial lakes between 1988 and
2000/03, and a 103% increase between 2000/03
and 2020. Petsch et al. (2019) stated that the
Fildes peninsula may see an increase in moss
fields due to the retreat of the Collins Glacier
and the emergence of new proglacial areas.
Therefore, glacier monitoring in KGl is essential
for understanding the hydrological and
geomorphological processes that occur in ice-
free portions.

Cook et al. (2014) observed that smaller
glaciers respond faster to atmospheric
temperature changes and, as also evidenced
by this study, Braun & GoBmann (2002) noted
higher percentage losses for land-terminating
glaciers in Admiralty Bay because of their
smaller dimensions. Land-terminating glaciers
are sensitive to changes in the mean surface air
temperature (Davies et al. 2014), as observed in
the KGl.

Retreat of marine-terminating glaciers and
their conditions

As marine-terminating glaciers respond both
to atmospheric and oceanic forcing, their
responses are conditioned by a greater variety
of factors, resulting in increasing dynamics.
Thus, comprehending their behavior denotes a
broader range of conditions. Marine-terminating
glaciers in KGI face two distinct sectors, the BS
and the DP, which subject them to different
conditions as a result of bathymetry and ocean
currents.

Moffat & Meredith (2018) classified the
BS as having steep and deep bathymetry and
mentioned the influence of the CDW in some
parts of the strait. According to Llanillo et al.
(2019), CDW intrusion from the BS may occur in
Maxwell Bay. Therefore, the CDW currentisafactor
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that should be better understood for the region,
because it can influence a greater percentage of
area losses in the marine-terminating glaciers
facing the BS. This is because the CDW current
brings relatively warmer water. Glaciers in this
sector may be subject to greater anchorage
depth from the front.

Both sectors influence the EP. It has the
largest glacial area and faces both DP and BS
sectors. There are more open bays in the sector
facing the BS (King George Bay and Sherratt
Bay) and a more significant influence of water
originating from the BS. While the other icefields
connected to the two sectors, CP and Al, flow
to fjords in the sector facing the BS and have
lower percentage area losses (6.9% and 6.3%)
than the EP.

Another icefield linked to King George Bay is
the KlI, which presented the highest percentage
loss of glacial area for elevations of up to 25 m.
These losses can be explained by the retreat of
the Anna Sul glacier, which faces this bay and
interacts more with the BS than other glaciers
that face inlets and bays, such as Martel Cove
and Admiralty Bay. Thus, the ocean-glacier
linkage triggers the Ana Glacier terminus change.

Several studies have shown that the
trend of rising atmospheric air temperatures
in recent decades is related to the loss of sea
ice and that rising ocean temperatures can
lead to more significant basal melting of outlet
glaciers, affecting the dynamics of thickness,
retreat, and mass loss (Reeh et al. 2001, Rignot
et al. 2001, Rignot & Steffen 2008). Low sea ice
concentrations in the AP may also be associated
with an increased negative mass balance for
glaciers in this region (Hillebrand et al. 2021).
SAM is also an influencing factor, as it causes
oceanic and atmospheric warming of the
western part of the AP (Marshall et al. 2006).
Understanding the role of sea ice in the KGI as
indicated by Simoes et al. (1999) for both the BS

SHORT-TERM GLACIER AREA CHANGES AT ANTARCTICA

and DP sectors and its implications for sector
dynamics is still necessary.

Another distinction between glaciers in
these two sectors is the difference in thickness.
According to Osmanoglu et al. (2013), glaciers
facing the BS, particularly those in Admiralty Bay
and the Kl, have smaller snout thicknesses than
those facing the DP sector. In the same study,
the authors presented glacier ice-flow velocity
values, where a large portion of this discharge
originates from glaciers facing the DP, except
for two glaciers facing King George Bay and the
Lange Glacier.

Regarding of area loss, it is inferred that,
in addition to the influence of the area of the
icefield that is located above the TSL altitude,
bathymetry also has a role in the area loss of
marine-terminating glaciers, as this will affect
the pointofanchorage of glaciers. The EP marine-
terminating glaciers facing the DP are subject to
shallower conditions than those facing the BS.
The largest percentage of area losses was found
in the sector facing the BS (Figure 7).

This scenario is observed through the
regularity between the percentage area loss
ratio and the bathymetric distance below -15
meters in EP. This relationship has a negative
slant, indicating that as the distance between
the glacier front increases and for depths
greater than -15 m, the loss of the glacier
area will decrease. This relationship reiterates
the observations made by Braun & Golmann
(2002), who identified greater glacial loss among
marine-terminating glaciers for those that had
anchorage at greater depths in the fjord.

Variations in the depth of the glaciomarine
environment and its impact on the retreat rate
and dynamic of the glaciers were also identified
by Hill et al. (2018) in northern Greenland and
by other authors in many other regions of
Greenland (Thomas et al. 2009). These authors
demonstrated that glaciers anchored in deeper
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marine sectors shrink more than those anchored
in shallower sectors due to increased basal and
lateral friction, which influences calving rates.

It is worth noting that, as Braun & GoBmann
(2002) indicate, not all glaciers respond similarly
to changes in the environment observed
over time. When these authors examined the
decades before 2000, they observed that some
glaciers, such as Lange (Al) and Viéville (K1), have
higher retreat rates than others, which remained
more stable on the island. Our research found
glaciers with higher retreat rate, such as Ana
(ID GLIMS 287457) and ID GLIMS 289857, which
are linked to the EP. These substantial retreats
can be attributed to the dynamics of the glacier
tongue adjusting to a stable position (Braun
& GoBmann 2002). Greater water depths in
floating ice tongue, for example, contribute to
greater calving rate, whereas moraines and bed
topography contribute to greater stability of the
floating ice tongue (Braun & GoRBmann 2002).

The KGI outcomes were consistent with the
findings of other surveys. When analyzing two
glaciers in the AP, Simodes et al. (2020) concluded
that the combination of slope, area, elevation,
and orientation, or even the change in the
terminus (such as the loss of floating platforms)
promoted different sensitivities of glaciers to
climate change. Differences in glacier behavior
can be attributed to differences in their local
climates, orientation, size, slope, and individual
dynamic (Nesje 1992, Casassa et al. 1997, Harrison
& Winchester 1998). Furthermore, the effect of
climatic fluctuations on glacier mass balance
has been determined by the glacier area-altitude
distribution (Nesje & Dahl, 2000). Although the
mechanism of glacier retreat is complex, some
causes are discussed and presented in this
research.

SHORT-TERM GLACIER AREA CHANGES AT ANTARCTICA

CONCLUSIONS

Retreats observed in the icefields are a response
to the climatic variables acting in the KGlI
and other factors that operate by modulating
the behavior of glacier fronts, which explain
differences in retreat and TSL altitude found in
each icefield. Glacial area losses were observed
for all KGI glaciers, with the magnitude of the
losses varying according to the glacier terminus
type and sector location.

The use of remote sensing has evidenced
recent changes in the KGI icefields since 1988.
Short-term glacier area changes, maximum
elevation, snowline altitude, thickness, and
the presence of the land-terminating glacier
terminus vary between the BS and the DP. These
contrasts result from regional climatic variations
and reveal glacier geometry dependence.

Based on the results obtained and the
verification of environmental changes previously
identified by other authors, the issue of basin
limits must be reviewed. For future studies,
mappings with greater temporal details of the
investigated region will be relevant.

Differences in TSL altitude, the thickness of
the floating ice tongue, and water depth near
the glacier terminus are all important factors
to consider when generating glacier shrinkage
scenarios. Future studies may investigate
factors that influence mass loss, such as surface
melting and even accumulation, such as snow
precipitation. In addition, the role of CDW and
sea ice in the area and their interactions with
the outlet glaciers.
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