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Abstract. The dynamics of permafrost and the active layer is crucial for ecosystem processes in the ice-free areas of the
Antarctic Peninsula, where a strong long-term warming trend; with an increase of 3.4 °C in the mean annual air temperature
since 1950 has been recorded. The consequences of this warming on past and future permafrost degradation are still not fully
understood, mainly due to the sparse spatial coverage and limited time span of borehole data, which have only been available
since the mid to late 2000’s. This motivated the application of the CryoGrid Community Model for modelling ground
temperatures at the bedrock drilled King Sejong Station borehole (KSS) in Barton Peninsula, King George Island. The
objective was to assess the model's quality and potential for applicability in other ice-free areas of the Antarctic Peninsula,
aiming to improve understanding of the recent evolution of permafrost temperature and active layer thickness and reconstitute
the past evolution since 1950. ERAS5 reanalysis data underestimated air temperature, strongly impacting the rate and intensity
of ground warming velecity-and-ntensity-during the thawing in-the-sheulderseasons. Linear regression wsirg-with in situ

observations was used to correct the ERAS forcing. The results of a short-term simulation from 2020-2022 evaluated against

observations show that the model successfully represents the conditions at the KSS borehole. Down to 6 m depth correlations
above 0.9 were obtained, while below 6 m, the correlations were above 0.8. Mean Absolute Error ranged from 0.1 to 0.7 °C.
Active layer depths of 2.9 to 3.1 m showed an overestimation of c. 0.4 m. The long-term simulation of permafrost and active
layer temperatures from 1950 to 2022 using ERA5 data showed a ground warming trend at 20 m of 0.25 °C/decade,
accompanied by an increase of the active layer thickness-ef2.0-m, from 1.5 m in 1950 to 3.5 m in 2022. From 2015, Fthe
warming rate intensified-increased significantly sinee-2015-to 0.9 °C/ decade.

1 Introduction

Permafrost underlies most ice-free areas of Antarctica, which are estimated to represent 0.5% (45,000 to 70,000 km?) of its
surface, being associated to a high uncertainty regarding the temperature evolution due to the limited number, coverage, and
short data-series of permafrost boreholes (Biskaborn et al., 2019; Bockheim et al., 2013; Hrbacek et al., 2021, 2023; Vieira et
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al., 2010). In the Antarctic Peninsula this uncertainty is especially relevant considering the atmospheric warming trend since
1950, which led to an increase in the Mean Annual Air Temperature (MAAT) of 3.4 °C_(from -5.3 recorded at Esperanza

Station in 1946), making the region a hotspot of climate change (Bockheim et al., 2013; Turner et al., 2020; Vaughan et al.,
2003). Several studies have aimed to enhance the understanding of permafrost temperature by using statistical-
empiricalanakytic models, such as the Temperature at the Top of Permafrost (TTOP), across different spatial scales to produce
temperature estimations for one moment in time. In Obu et al. (2020), the TTOP model was used to estimate the temperature
at the top of permafrost for all the ice-free areas of Antarctica, at a resolution of 1 km2. The results for the South Shetland
Islands show a TTOP value between -2 and 0 °C, with an underestimation of 1 to 2.1 °C when compared to observational data.

This difference was-is attributed to factors such as heat advection from meltwater and rain - common in Maritime Antarctica

but not account for in the model -; or to cloudiness, which contaminated satellite observations of Land Surface Temperature
(LST) employed as model forcing (Obu et al., 2020; @stby et al., 2014).-which-were-notaccountedforin-the-model:
In the South Shetlands Archipelago, other studies have used the TTOP model at a local scale, including Ferreira et al. (2017)

and Hrbacek et al. (2020) who applied the model on Livingston Island, using ground and air temperatures. Ferreira et al. (2017)
presented TTOP values ranging from -1.8 °C at 275 m asl to -0.7 °C at 15 m asl, while Hrbacek et al. (2020) reported values
between -1.5 and -0.2 °C. Both studies emphasized the necessity of incorporating detailed information on ground conditions,
lithology, and moisture availability into-the-model-approach-to improve TTOP estimations. Aiming to implement a modelling
approach that not only incorporates site-specific characteristics but also provides estimations over defined periods rather than
for single moments in time, we evaluated the application of the CryoGrid Community Model (CCM) (Westermann et al. 2017,
2023) in a 1D configuration for Barton Peninsula (King George Island) with the goal of assessing its potential for the
reconstruction of recent permafrost temperature evolution in the region of Antarctic Peninsula. The application was done for
the King Sejong Station borehole (13 m depth, 127 m asl), for which we have hourly data since 2019.

The CCM is a flexible tool for simulating the ground thermal regime and the ice/water balance. Its modular structure allows
for the integration of surface conditions and subsurface materials. We configured the stratigraphy through a sensitivity analysis
of different setups. Modelled temperatures were compared with borehole measurements at nine depths. These initial steps
formed the basis for short-term (2020-2022) and long-term (1950-2022) simulations forced with ERA5 data. Two hypotheses
were tested: 1) The CCM stratigraphy can accurately represent the surface and sub-surface conditions at the King Sejong
Station observatory, thereby incorporating detailed information that is missing from other models; that-the-CCM-stratigraphy
i and-2) ERAS data can reliably reproduce meteorological

conditions at Barton Peninsula when used to force model simulations.that ERAS5-data-can-reproduce-meteorological-conditions
at-Barton-Peninsula- For the validation of the first hypotheses, a sensitivity analysis to subsurface parameters was performed

comparing measured and simulated ground temperatures produced by simulations using different configurations. To validate

the second hypotheses, a comparison between ERAS air temperature and in situ observations was conducted.
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2 Study area

The King Sejong Station borehole site is located on the Barton Peninsula (Fig. 1), an ice-free area with 10km? in King George
Island (South Shetland Archipelago, Antarctic Peninsula), exposed following the retreat of the Collins Glacier between 15 ka
and 3.7 ka BP (Oliva et al., 2019). The relief is dominated by the Noel Hill, a W-E ridge (290 m asl) associated with a plutonic
intrusion. At lower elevation, two plateaus are present, showing elevations of 170 and 130 m asl. They are formed by volcanic
strata dominated by andesitic lava flows with frequent dykes (Birkenmajer, 1989; Hwang et al., 2011; Kim et al., 2002). Cliffs
are present on the western and southern coasts, while on the northern coast, a moderate and stepped slope connects from the

plateaus to a series of raised beaches.

Antarctic Peninsula Barton Peninsula (King George Island)

Weddell
Sea

South Shetlands Archipelago

King George
Island

Greenwich
Livingston  Island e
Island Nelson

Show e Island
Island Robert
Smith ' Island

Island

Altitude (m)
336

Q

Deception

Island 0

Maxwell Bay

Low

0 Isiand 5 0 250 500m

| I

0 100 km

I S ;’ v

Figure 1: Location of the King Sejong Station borehole in Barton Peninsula, King George Island. Contour equidistance 10 m.

The climate in Barton Peninsula is polar maritime and strongly affected by the interannual variability associated to the Southern
Annular Mode (SAM), the EI Nifio Southern Oscillation (ENSO) and the Amundsen Sea Low (ASL) (Jones et al., 2019). The
Bellingshausen Station at nearby Fildes Peninsula recorded a Mean Annual Air Temperature of -3.8 °C in 1969 and -0.8 °C in-
2:2°C-from-1969-te 2022, with a warming rate of 0.029 °C per year. Mean Monthly Air Temperatures ranged from -6.2 °C in
July to 1.6 °C in February. The freezing season showed the largest interannual differences, with a range of 12.7 °C in July,

while the thawing season showed lower interannual differences, with a range of 2.7 °C in January (Fig. 2).
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Figure 2: Monthly Air Temperatures in Bellingshausen Station from 1969 to 2022 - {MET-READER Database (Colwell, 2013).

Ground temperatures on the Barton Peninsula were estimated by Obu et al. (2020), with Mean Annual Ground Temperature
(MAGT) values ranging from -0.9 °C at sea level to -3.2 °C in unglaciated peaks. Lim et al. (2022) recorded Mean Annual
Ground Surface Temperatures (MAGST) from -3.6 (> 200 m asl) to -0.8 °C (< 50 m asl) while evaluating the snow cover
effect on near-surface ground temperature between December 2011 and January 2013. Baptista et al. (2024) recorded MAGSTs
between -2 and 0.6 °C, from 13 to 254 m asl in various topoclimatic settings. The authors identified seven types of ground
surface temperature regimes based on the duration of the freezing season and warming velocity in the thawing season. The

main controls on ground temperature regimes were elevation, snow cover duration, and potential solar radiation_(Baptista et

al., 2024).

3 Materials and methods
3.1 Modelling workflow

The evaluation of the CCM potential to model permafrost and active layer thickness at the King Sejong Station Observatory
followed three main steps: model parametrizationcalibration, ERA5 quality assessment, and model simulations (Fig. 3). In an
initial step, the subsurface stratigraphy and associated thermal parameters were defined using a sensitivity analysis, for which
simulations forced by the observatory's measured ground surface temperature (GST) were run with different combinations of
parameters (referred to as “sensitivity analysis to subsurface parametersground-sensitivity—analysis” hereafter). Modelled

ground temperatures were iteratively compared with observations until the best stratigraphy setup was found.

In the ERAS quality assessment, air temperatures from the reanalysis data were compared to observations, leading to the
implementation of a bias correction scheme. This bias correction was subsequently used to correct ERA5 air temperatures to
obtain improved model forcing for short- (2020-2022) (Sect. 4.4) and long-term simulations (1950-2022) (Sect. 4.5).
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Figure 3: Workflow for the application of the CryoGrid Community Model at 1D for the KSS permafrost observatory.
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3.2 Ground temperature data from the King Sejong Station Permafrost Observatory

The King Sejong Station (KSS) permafrost observatory, installed-was-installed in March 2019, is part of the -and-integrates
the PERMANTAR network_(University of Lisbon network of permafrost observatories in the Western Antarctic Peninsula).

It consists of a 13 m depth borehole drilled in an andesite spur in Jeonjaegyu valley at 127 m asl. The area is at the edge of an
incipient glacial cirque where extensive frost shattered debris mantles the slopes, with the formation of active stone circles and
solifluction lobes. Ground temperature data is recorded in the borehole with a Geoprecision M-Log5W-String datalogger
(accuracy 0.1 °C) with a string with 15 temperature digital sensors at 0.4, 0.8, 1.2, 1.6, 2, 2.5, 3, 3.5, 4, 5, 6, 8, 10, 11.5 and
13 m depth. GST is monitored using a Geoprecision M-Log5W-Cable datalogger (accuracy +0.1 °C) buried at 2 cm depth. Air
temperature is measured using a similar datalogger protected by a radiation shield at 1.5 m. All data is recorded hourly. Here
we analyse the time-series from March 2019 until December 2022. A data gap of 7 days occurred in February 2020.

The Active Layer Thickness (ALT) at KSS was calculated by applying a logarithmic best fit to the maximum monthly
temperatures at different depths allowing to identify the maximum depth of the 0 °C isotherm.

The freezing and thawing periods were determined following the approach of Karunaratne and Burn (2004), in which the

beginning of the freezing (thawing) period corresponds to the date when the mean daily air and ground surface temperatures

remain consistently below (above) 0 °C. Freezing Degree Days (FDD) and Thawing Degree Days (TDD) are defined as the

absolute sum of mean daily air and ground surface temperatures below (above) 0 °C during these periods (Klene et al., 2001;
Smith and Riseborough, 1996).
Freezing N-factors are calculated as the ratio of the FDD of the ground surface (FDDs) to the FDD of the air (FDDa)

(Lunardini, 1978). For the Thawing N-factor, TDD values are used. N-factors represent the insulating effect of snow on the

ground. When close to 1, a strong thermal coupling exists between the ground and the atmosphere, whereas values below 0.5

indicate a high insulating effect.

3.3 The CryoGrid Community Model

3.3.1 Model description

The CCM is an adaptable toolbox for simulating the ground thermal regime and the ice/water balance for permafrost, using a
modular structure which allows combinations of classes that represent the snow conditions and the subsurface materials
(Westermann et al., 2023).

It evolved from CryoGrid 1, which computes mean annual ground temperatures at the top of the permafrost (Gisnds et al.,

2013). Subsequent versions introduced transient features for mapping temperature changes and a surface energy balance

scheme for atmosphere-surface interaction (Westermann et al., 2023).




135 The model version used here integrates functionalities from previous versions. Its modular structure combines classes

representing _distinctive surface conditions and ground columns, where their specific_physics and state are accounted

(Westermann et al., 2023). The objective is to stack and customise the classes that best represent the site for which the

temperature is simulated.

For the KSS permafrost observatory, the CCM was used to produce both short and long-term simulations of ground temperature

140 depths of up to -20 m as well asand active layer thickness. The short-term simulation, used for the validation of the surface

energy balance model, covered the period with ground temperature data (2020 to 2022) with the first year (2019) used to define
the ground temperature steady state. The long-term simulation spanned from 1950 to 2022.

3.3.2 Model parameterizationcalibration

145  For the sensitivity analysis to subsurface parametersground-sensitivity-anatysis, a one-dimensional model column, with 100 m
depth was used, with temperature boundary condition (class “GROUND _freeW ubT”)-was-used-with-. Mmeasured GST was

used as_the upper boundary input, and a geothermal heat flux was applied as the lower boundary._In this class, water phase

change occurs at 0 °C, with the water an ice content remaining constant (Westermann et al., 2023).

All other simulations were performed using a 1D model column with the surface energy balance as upper boundary condition

150 and again the geothermal heat flux as- lower boundary condition (Westermann et al., 2023). ERA5 reanalysis near-surface

variables were used as model forcing, i.e. incoming short and longwave radiation (Sin and Lin) [Wm?], solid and liquid
precipitation (Ps and P;) [mmd-1], air pressure (p) [Pa], air temperature (Tair) [°C], wind speed (U) [ms™], and specific humidity
(9air) [kg water vapor/kg air] (Westermann et al., 2023).

For the surface energy balance, the energy flux into the uppermost grid cell is calculated through Eq. 1, where Soy and Loy are

155 the outgoing short and long-wave radiation and Qn and Q. the sensible and latent heat flux.

Fup(©) = Sin(t) = Soue (£) + Lin (t) — Loye (£) — Qn(t) — Qe () , (1)

The seasonal snow cover was represented by a snow microphysiscs scheme following the Crocus model (Vionnet et al., 2012;
Zweigel et al., 2021), again with surface energy balance as upper boundary condition (class “SNOW _crocus_bucketW seb”
in the CCM). The snow model represents transient snow density changes due to compaction and wind drift, as well as

160 meltwater infiltration and refreezing. However, given the complexity of the topography at the represented sites and the spatial

resolution of ERAS variables, the model may overestimate or underestimate snow depth. To address this, the ERA5-derived

snow is corrected by snow multiplication factor, which allows to phenomenologically increase of reduce the simulated snow

depth to facilitate a better fit with observations (Martin et al., 2019). For the KSS permafrost observatory, a snow multiplication

factor of 0.3 was used following the simulations for the validation of the surface energy balance model, where GST allows to

165 define the intensity of the insulating effect and duration of the snow cover. -Forthe KSS permafrost observatoryasnow-factor

0.3-was-used-following V3 gy-batanee-model—Additionally, snowpack
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properties such as grain size are computed which affect the snowpack parameters like the albedo. FerthelkSS-permafrost

The ground column was represented by the class “GROUND _freeW _seb _snow” in the CCM (Westermann et al., 2023), using
a vertical grid resolution ranging from 0.05 to 0.5 cm and an albedo of 0.3 following Kim et al. (2006). In this class, the phase
change of water again occurs at 0 °C and the water and ice contents remain constant, but the surface energy balance is applied

to simulate energy exchange processes between the atmosphere and the model’s first grid cell (Westermann et al., 2023). {The

heat conduction is the main mode of heat transport in subsurface. The conductive heat flux jnc is calculated based on the

Fourier’s law:
, 0T (t,z
Jne(t,2) = =Ky (¢, Z)% )

The thermal conductivity K, parameters depend on the volumetric contents of water, ice, air, mineral and organics. For the
mineral phase, we used a thermal conductivity of 2.1 W/mK obtained from thermophysical analysis performed on the rock
cores at the laboratory of the Earth Sciences Institute of the University of Evora. The borehole was drilled in a massive rock
outcrop where water infiltration is negligible, so that vertical fluxes of water do not need to be considered. We thus assumed
the sum of water and ice contents to be constant over time for each grid cell, defined by the initialization.

For the sensitivity analysis to subsurface parametersgreund-sensitive-analysis, observed ground surface temperatures from

January 2020 to December 2022 were used as upper boundary condition for the thermal model. The relative volumetric content
of mineral and water/ice were tested in three combinations, with values ranging from 0.99 to 1 (mineral) and 0 to 0.02 (water
and ice). For each simulation, the correlations between daily average ground temperatures at 0.02, 0.4, 1.2, 2, 3, 4, 6, 10 and
13 m depths with the observed temperatures were analysed, enabling to identify the parameterization that produced the best
results.

The short-term simulation was used for the validation of the surface energy balance model. For the long-term simulation
starting in 1950, the initial ground temperature profile is unknown. Therefore, a spin-up using the first 10 years of the ERA5
data (1940-1949) and looping it for 10 times was conducted to define the temperature profile in the beginning of the simulation

(e.g. Westermann et al., 2023).

3.4 Model forcing

ERAS5 combines model data with observations using a data assimilation approach which results in a dataset where hourly
estimates for atmospheric, ocean-wave and land-surface quantities are provided at a spatial resolution of 0.25 degrees lat-long
grid (Hersbach et al., 2023). Tetzner et al. (2019) identified a seasonal cold bias on the 2 m air temperature and an
underestimation of wind speed in Antarctic Peninsula coastal regions despite a good representation of the wind regimes.
Moreover, the extreme and remote conditions of Antarctica pose significant challenges for data assimilation, contributing to

potential biases in surface temperature and precipitation estimates (Jones & Lister, 2015).
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For the short and long-term simulations, surface level data from ERAS was interpolated to the location of the borehole: a)
Surface solar radiation downwards (J m); b) Surface thermal radiation downwards (J m-2); c) Total precipitation (m); d) 10m
u-component of wind (m s); e) 10m v-component of wind (m s?); f) Surface pressure (Pa); g) 2m dewpoint temperature (K).
For air temperature (which is the only atmospheric variable measured in situ), a comparison of ERA5 and in situ measurements
was performed which revealed significant deviations in particular during summer. The ERA5-derived air temperature was thus
corrected using the downscale protocol described in Westermann et al. (2016) in which a linear regression is used to correct

the model forcing.

4 Results
4.1 Air and ground temperatures at the King Sejong Station Observatory

The KSS permafrost observatory is exposed to frequent NW and W winds and recorded a MAAT of -1.55 °C from 2020 to
2022. The coldest month is August, with an average of -6 °C. By contrast, January recorded the higher temperatures with an
average of 2 °C. The freezing season lasted from March to November, with monthly temperatures ranging from -5.7 °C
(August) to 0.3 °C (March) (Fig. 4). This period has shown the higher interannual temperature range from -8.8 (2020) to -3 °C
(2022), while in the Thawing Seasons (TS) ranges were typically below 2 °C (Fig. 4).
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Figure 4: Mean Monthly Air Temperatures recorded in King Sejong Station observatory from January 2020 to December 2022.

Mean daily ground surface temperatures ranged from -16 to 9 °C, while mean monthly temperatures varied between -8 (August
2020) and 5 °C (January 2020) (Fig. 5). At 13 m depth, the permafrost temperature varied between -1.5 and -1.3 °C (Fig. 5 and
Table 1).

During the freezing season_(FS) of 2020, intense ground surface cooling was observed due to lower air temperatures,_that
averaged-averaging -3.3 °C-for-the-seasen, and-with daily lows reaching -20 °C. This, combined with strong thermal coupling



220 due to a thin snow cover (N-factor = 1), resulted in 970 FDDs (Table 1). In the FS-freezing season of 2022, air temperatures
did not fall below -15 °C, leading to a_lower number of -589-FDD _(589)s and an N-factor of 0.9, indicating weaker thermal

coupling between the surface and atmosphere. A-simiar-pattern-though-less-intensewas-seen-during-the-FS: For the thawing
season (TS) of 2020/2021, the average air temperature of 1.2 °C was slightly higher compared to the thawing season of

2021/2022 with 1.0 °C. This was also reflected in the TDDs, which decreased from 251 in 2020 to 207 in 2021. Despite this

225 the N-factor increased from 1.7 to 1.9 over the period, suggesting improved thermal coupling.
10
a) | KSS temperatures
5 |l
G o
[(H]
5 -5
o
o -10
5
g -15
-20
-25 T . T T T T T T . . T . .
0
_
O
.
o -2
3
©
8 -3
S
@
'_
-4
-5 . - . - - - - - - . -
oD 0O O OO0 O O O O ™ T — ™ N N N
— - - - (aV] (V] (o} ™~ ™~ ™ [aV) (aV] (&) (V] (o} (o]
5 S 8855885588558 8
= S5 n a2 S a2 9 o 0 =2 S5 a0

10



10

o

L
o
1

Temperature (°C)
n

N
(4]
1

o)
=)

KSS air temperatures

—
o

o

Temperature (°C)
&

-10
15

0.02m 04m 1.2m 2m —3m

4m —6m M0m —13m Tair
-20 r T +r T+ T+ r+r + T+ T T T T T T T "1 1T T T 1T T 7
O O 0 00 00 0 0 00— +— +— +— — NN NNNN
— o v v v NN AN AN AN AN AN AN AN AN NN NN NN NN
= >N = O 2 € = >SS a2 C s NS QO 2 o= a0 >
S o 2 © 0 a8 8 ©® 2 0 0 @ 8 © =2 &0 @a & ®W =2 0 O
=SE="wzZz-o=2="wzZz>o=2="wz->2=2="wn2z

Figure 5: Air and ground temperatures in the King Sejong Station permafrost observatory from January 2020 to December 2022.

Table 1: Ground temperatures and derived indexes for King Sejong Station permafrost observatory from January 2020 to December

230 2022
MAGT ALT Measured Freezing Thawing
Year MAGST FDDs TDDs
13 m* (m) TTOP N-factor N-factor
2020 -1.7 -1.5 2.8 -1.6 970 1.0 251 1.7
2021 -1.0 -1.5 2.5 -1.1 645 0.9 207 1.9
2022 -0.9 -1.3 2.7 -1.1 589 0.9 - -

* the Depth of Zero Annual Amplitude was not reached

11
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The active layer showed a thickness of 2.8 m in 2020 and then decreased by 0.3 m in 2021 (Table 1). The MAGST progressively
increased from -1.7 °C in 2020 to -0.9 °C in 2022, while at 13 m depth, increased from -1.5 to -1.3 °C (Table 1).

4.2 Sensitivity analysis to subsurface parametersGreund-sensitivity-analysis

In the sensitivity analysis to subsurface parametersgreund-sensitivity-analysis, the combination with the best performance is
the Par_3_gst, which considers a mineral content of 99% and a water/ice content of 1%, aiming to represent a massive outcrop,

slightly fractured. In these fractures, water is available and freezes during the freezing season, influencing the thermal
conductivity.

In the Par 3 gst combination, a very strong correlation above 0.92 (p<0.01) was obtained at 0.4, 1.2, 2, 3,4 and 6 m with an
MAE ranging from 0.65 to 0.13 °C (Fig. 6 and Table 2). A very good agreement is obtained between the measured and
modelled ground temperatures (Fig. 6). Below 6 m depth, the correlation decreases for values around 0.8, however, MAE also
decreases for values ranging from 0.10 to 0.07 °C (Fig. 6 and Table 2).

The zero-curtain effect observed at KSS at 1.2 and 2 m, is also well represented on the simulation Par_3_gst when considering
a water/ice content of 1%. Both onset and duration have a very good correspondence between measured and estimated ground
temperatures which reinforces the necessity of including a low content of water/ice in the model stratigraphy.

Table 2: Correlation, MAE and RMSE (°C) between simulated and observed ground temperatures in King Sejong Station borehole
according to different configurations of ground content.

Depths (m) Par 1 gst Par 2 gst Par 3 gst

(p<;.01) MAE RMSE (p<(;01) MAE RMSE (p<(;01) MAE RMSE

0.02 0.96 0.65 0.04 0.96 0.65 0.04 0.96 0.65 0.04
0.4 0.98 0.43 0.02 0.97 0.46 0.02 0.97 0.44 0.02
1.2 0.98 0.31 0.01 0.98 0.28 0.01 0.99 0.24 0.01
2 0.97 0.33 0.01 0.98 0.20 0.01 0.99 0.19 0.01
3 0.97 0.28 0.01 0.99 0.16 0.01 0.99 0.18 0.01
4 0.97 0.23 0.01 0.99 0.13 0.01 0.99 0.16 0.01
6 0.89 0.18 0.01 0.93 0.12 0.01 0.92 0.13 0.01
10 0.77 0.11 0.01 0.83 0.09 0.01 0.81 0.10 0.01
13 0.78 0.07 0.00 0.80 0.07 0.00 0.80 0.07 0.00

12
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Figure 6: Measured and estimated mean daily ground temperatures in the King Sejong Station borehole from January 2021 to

265 December 2022.

4.3 ERADS air temperature comparison to in situ observations

The quality assessment of the ERA5 air temperature was based on the analysis of the correlation, RMSE, and MAE, combined

with a visual comparison with the KSS air temperatures. The correlation coefficient was 0.968 (p p<0.01), indicating a very

strong correlation, while the MAE was 0.87 °C and the RMSE 1.2 °C. The percentage of days when the difference exceeded

the MAE was 37%. Despite the significant statistics, the visual comparison revealed substantial differences when considered

270

the thawing and freezing seasons. During the FS-thawing season ERA5 showed a cold bias of up to -3.6°C for the mean daily

temperatures (Fig. 7), while—Fhe-FS- the freezing season as associated showed-an-oppesite-behavieurwith a warm bias of 6.0

°C.
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Figure 7: Air temperature recorded on the King Sejong Station Observatory, air temperature obtained from the ERA5 reanalysis

product and calculated difference for the period between March 2019 and December 2022: a) KSS air temperature, ERA5 2m
temperature and calculated difference; b) distribution of air temperature differences between KSS air temperature and ERA5 2m

temperature; c) KSS air temperature, corrected ERA5 2m temperature and calculated difference; d) distribution of air

temperature differences between KSS air temperature and corrected ERAS5 2m temperature.
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The distribution of air temperature differences in Fig. 7-b shows that negative differences are dominant during the freezing
season when the KSS air temperature is colder, while during the FSthawing season, the difference is positive, indicating that
KSS air temperature is warmer.

The bias correction of the air temperature from ERAS strongly reduced the seasonal biases, resulting in a r of 0.97, a MAE of
0.62 °C and a RMSE 0.86 °C (Fig. 7-c).

Despite the correction, differences are still present (Fig. 7-c). These are mainly associated to the winter, specially to August
2020, July 2021 and May 2022 when the daily difference between the KSS and corrected ERA air temperature register a
maximum value of -4 °C (Fig. 7-c), with the KSS air temperature recording lower values, suggesting the occurrence of a very
cold event.

4.4 Validation of surface energy balance model

The validation of the surface energy balance model was conducted by comparing simulated ground temperatures at nine levels
with the corresponding measured ground temperatures in the borehole (Fig. 8). Analysing the r value, a very strong correlation
above 0.9 (p p<0.01) is observed between the simulated and measured ground temperatures down to a depth of 6 m (Table 3).
Below 10 m, the correlation decreases slightly to values between 0.61 and 0.78 (p p<0.01). Despite the weaker correlations,
very low MAE (<0.1) and RMSE (<0.01) values are observed. Figure 8 shows that below 1.2 m, the simulated ground
temperature has a slight deviation from the measured temperatures during the freezing season, with lower estimated
temperatures. This deviation may result from increased thermal conductivity due to the water/ice content on the model
stratigraphy. Despite the KSS borehole being in a massive outcrop, the temperature regime suggests an increase of water and
ice content between 2 and 3 m, as shown by a short zero-curtain. This may be associated to the transient layer at the top of
permafrost (Sect. 4.1). The simulation using a water/ice content of 1% effectively captured the thermal regime at these levels,
including the observed zero-curtain effect.

When examining the MAE calculated for the nine levels of the borehole profile, a difference of approximately 1 °C is obtained
at the ground surface where the deviation between measured and simulated is more pronounced. However, when the MAE is
analysed for the remaining depths, with values ranging from 0.7 to 0.08 °C, a rapid decrease is observed, indicating a very
small difference between simulated and measured ground temperatures.

Correlation, MAE and RMSE values show that CCM has a very good performance when simulating the ground temperatures

for the KSS observatory using the surface energy balance as upper boundary condition.
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310 Figure 8: Simulated vs observed ground temperatures for the KSS borehole between January 2020 and December 2022.

Table 3: Statistics between observed and simulated ground temperatures for the KSS borehole (March 2019 - December 2022).

Depths r MAE RMSE

(m)

GST 0.93 1.14 0.05
0.4 0.96 0.68 0.03
1.2 0.98 0.48 0.02

2 0.98 0.37 0.01
3 0.98 0.31 0.01
4 0.97 0.27 0.01
6 0.92 0.20 0.01
10 0.78 0.10 0.01
13 0.61 0.08 0.01

315 The comparison between the observed and simulated thaw depths shows that the model forced with the ERAS data, produced
a slightly thicker active layer when compared to observations.
In 2021 and 2022, a maximum difference of 0.4 m was observed, with KSS ALT values of 2.5 m and 2.7 m, respectively,
while the simulation predicted values of 2.9 m and 3.1 m (Fig. 9). In terms of the onset of thaw propagation, the simulation
displayed a delay, with the active layer remaining unfrozen for up to one month longer than observed at KSS. This suggests a

320 more pronounced deviation in the timing of ground thawing than in the intensity or depth of thaw propagation.
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Figure 9: Thaw depth at the King Sejong Station borehole between January 2020 and December 2022. Simulated and observed
results.

The profile of simulated ground temperatures provides a comprehensive overview of the thermal dynamics at KSS (Fig. 10).
At the surface, the succession of thawing and freezing seasons with varying intensities results in a MAGST ranging from -1.9
°Cin 2020 to -1.4 °C in 2022 (Table 4). These values are slightly lower than the MAGST recorded at KSS for 2021 (-1.0 °C)
and 2022 (-0.9 °C) (Table 4). During the thawing seasons, which lasted from November/December until February, the warming
resulted in 241 and 198 TDDs in 2020 and 2021, respectively, indicating slightly lower severity-values compared to the TDDs
calculated for KSS, which ranged between 251 and 207 (Fig. 10 and Table 4). During the freezing season, which started in
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335

mid-March and lasted until October, the cooling intensity resulted in 966, 788, and 751 FDDs in 2020, 2021, and 2022, showing
a decreasing tendency (Fig. 10 and Table 4). If compared with the FDDs calculated for KSS, for the year of 2020, is seen that
the simulation is producing a slightly less severe FS. However, for the following years the opposite trend is observed with the
simulation producing a more severe TS.

The cooling and warming propagate below 13 and the Zero Annual Amplitude (ZAA) depth is not reached at KSS. From the
simulation, the MAGT is of -1.5 °C, which is very close to the MAGT recorded at KSS, with values between -1.6 and -1.3 °C.
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340

Figure 10: Simulated ground temperatures for the KSS borehole between January 2020 and December 2022.

345 Table 4: Ground thermal parameters calculated for the KSS borehole between March 2019 and December 2022.

350

Parameter KSS observatory KSS simulation
2020 2021 2022 2020 2021 2022
MAGST -1.7 -1.0 -0.9 -1.9 -1.5 -1.4
ALT 2.8 2.5 2.7 3.0 29 3.1
TTOP -1.6 -1.1 -1.1 -1.7 -1.4 -1.3
MAGT 13 m -1.6 -1.5 -1.3 -1.5 -1.5 -1.5
FDD 970 645 589 966 788 751
TDD 251 207 - 241 198 -

4.5 Long-term simulation of ground temperature (1950-2022)

The simulation of ground temperatures since 1950 allowed a first reconstruction of the multi-decadal permafrost evolution at
KSS. A warming trend is present in the ground temperature at all depths, including in the permafrost, with an acceleration
since 2016 after the cooling, also reported in different boreholes in the South Shetlands from 2000 to 2015 (Fig. 11 and 12)
(de Pablo et al., 2024; Guglielmin & Cannone, 2012; Hrbacek et al., 2018, 2021, 2023). In 1950 the modelled MAGST was -
4.5 °C, while in 2022, it was -0.8 °C, showing an average warming of 0.27 °C/decade. At 20 m depth the temperature changed

from -2.7 °C to -1.2 °C, showing a warming rate of 0.24 °C/decade. The modelled ALT shows an increase from 1.6 m in 1950

to 3.5 m in 2022 (Fig. 11 and 12).
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Figure 11: Ground temperatures simulated for the KSS borehole between January 1950 and December 2022.
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Figure 12: Long-term simulation of ground temperature (January 1950 to December 2022): a) ERA5 variables snowfall (srow
faeter-0:3mm water equivalent) and air temperature_ (°C); b) Mean annual ground temperatures and active layer depth calculated
from the KSS borehole simulations.

Despite the general warming trend, the analysis of the reconstructed time-series allows for identifying periods with different

characteristics. The modelled MAGT at 20 m depth allows for filtering interannual variability and provides best insight on the
trends (Fig. 11 and 12).

The analysis of the evolution of the permafrost and active layer temperatures, allowed for identifying four periods since 1950:

- Period 1 (1950 — 1990): This period begins with the lowest MAGST and TTOP values of the series, around -4 °C,

and an thin-ALT (of 1.6 m}. During the subsequent years, a progressive warming occurred with a rate of 0.04 °C/year,

following the increase of the air temperature (0.05 °C/year). The snowfall shows the opposite trend, with a slight

decrease_of precipitation from 15-602 mm water equivalent in 1950 to 13-m541 mm water equivalent in 1990.

MAGST and TTOP values show higher fluctuations due to short periods of cooling and warming, which control the
ALT, that varied from 1.6 to 3.2 m. At 20 m, the temperature increased from -2.7 to -1.8 °C.

- Period 2 (1990 — 2000): From 1990 to 1995, warming and cooling periods had a shorter duration of approximately
two years, influencing the MAGST and TTOP values, which varied between -3 and -2 °C. The MAGT remained

24



375

380

|385

390

|395

constant at around -2 °C. From 1995 to 2000, an intense warming occurred, with the MAGT consistently increasing
from -2.0 to -1.7 °C, and the MAGST and TTOP values approaching -1.5 °C.
- Period 3 (2000 — 2015): This period is characterised by a very small cooling of the air temperature (-0.05 °Clyear),
resulting in a slight decrease in MAGST, TTOP, and MAGT. MAGST and TTOP varied from -1.6 to -2.8 °C and -
1.5t0 -2.5 °C respectively. MAGT varied from -1.5 to -1.7 °C. As result, the ALT decreased from 2.6 to 1.8 m.
- Period 4 (2015 — 2022): The final years of the series are marked by intense warming, with an increase trend of the air
temperature (0.24 °C/year), leading to a rapid and sharp increase in MAGST and TTOP, respectively from -2.9 to -
0.8 °C, and -2.5 t0 -0.9 °C. MAGT increased from -1.7 to -1.2 °C. During this period, the ALT increased from 1.9 to
3.5 meters.
Concerning the freezing and thawing seasons, which contribute to the characterization of the four periods, a general trend of
severityintensity decrease is observed for the freezing season, while the opposite trend is evident for the thawing season (Figure
13).
In the initial period (1950-1990), the interquartile range (IQR) for ground surface severityintensity was between 1090 to 1407
FDD. By contrast, in the most recent period (2016-2022), the severityintensity decreased, with an IQR ranging from 638 to
836 FDD, alongside with a narrowing of the range between minimum and maximum values. The freezing season duration
showed no clear trend in the first three periods, with an IQR of 230-290 days, but decreased to 207232 days in 2016-2022
(Fig. 13b).
In contrast, the thawing season demonstrates an increase in severityintensity. During the initial period (1950-1990), the IQR
was between 137 to 222 TDD. In the final period (2016-2022), this range increased, with an IQR between 262 to 346 TDD
(Fig. 13c). While thawing season duration showed no trend initially, with IQR spanning from 68 to 150 days, it extended to
138-154 days during the 2016-2022 period (Fig. 13d).
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Figure 13: Characterization of the Freezing and Thawing seasons for the four periods from 1950 to 2022: a) Freezing Degree Days
of the air (FDDa) and ground surface (FDDs), b) Duration of the Freezing Season (FS) in days, ¢) Thawing Degree Days of the air

400 (TDDa) and ground surface (TDDs) and d) Duration of the Thawing Season (TS) in days.
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5 Discussion
5.1 Temperature at King Sejong Station Observatory

During the study period, which had a MAAT of -1.6 °C, two warm weather episodes occurred in February 2020 and 2022
(Gonzalez-Herrero et al., 2022; Gorodetskaya et al., 2023). These events led to increases in air and ground surface
temperatures, resulting in an ALT of 2.5 m in 2020. These warm episodes are linked to the formation of atmospheric rivers,
which transport heat and moisture from the Southern Ocean at lower latitudes (Gorodetskaya et al., 2023; Zou et al., 2023). In

the coastal areas of the Antarctic Peninsula, such events can cause intense snowfall (later in the thawing season) or rainfall,

and combined with warm temperatures, they have a direct impact on snow cover melting and ground temperature (Bozkurt et
al., 2022; Gorodetskaya et al., 2023). Consequently, in ice-free areas, these events can affect the extent and duration of snow
patches with insulating effect and intensify surface warming, particularly due to excessive summertime shortwave radiation
associated with warm anomalies (Bevan et al., 2020; Bozkurt et al., 2022), while the effect of warm rainfall water advection
has not been yet accounted for.

Freezing and thawing parameters provide insight into ground temperature evolution. de Pablo et al. (2024) analysed interannual
variability using Livingston and Deception permafrost observatories, covering the period from 2007 to 2021, revealing a
decrease in FDD and an increase in TDD, which aligns with the trend observed at the KSS observatory. Moreover, the onset
and conclusion of the seasons at these locations closely match those observed at KSS. The freezing and thawing season
parameters, despite representing a single measure for one year, serve as a good indicator of thermal dynamics and are

representative of changes caused by atmospheric conditions due to soil surface sensitivity (de Pablo et al., 2024).

5.2 Performance of CryoGrid simulations

The CCM has been used in various spatial contexts and with different purposes, from the simulation of ground thermal regimes
in ice-rich permafrost by Westermann et al. (2016), to surface energy balance in permafrost-underlain boreal forest by Stuenzi
et al. (2021) or the temperature in rock walls by Schmidt et al. (2021). The diversity of studies reinforces the flexibility of the
modular structure in representing different environmental conditions, which is crucial for the model implementation. The
workflow followed here, like the one by Schmidt et al. (2021), started with a sensitive analysis where several simulations were
performed forced with the GST recorded at KSS, changing one parameter configuration at the time. The main structure
stratigraphy was set a priori using the documentation available regarding the model operation and the documentation in which
a physical characterization of the Barton conditions is provided (Kim et al., 2006; Vionnet et al., 2012; Westermann et al.,
2023; Zweigel et al., 2021).

Observational data, essential for model validation, showed that a simulation with 99% mineral and 1% water/ice content
accurately estimated ground temperatures at various depths, with correlation values exceeding 0.9 down to 6 m depth and 0.8

down to 13 m depth with MAE below 0.7 °C. Regarding the ALT, the simulated values resulted in a 15% thicker active layer.
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Studies by Schmidt et al. (2021) in rock cracks and Westermann et al. (2016) at the Samoylov observatory, similarly emphasize
the role of observational data in evaluating model performance, with accuracy influenced by factors such as snow cover,
moisture, and porosity.

The validation of surface energy balance, performed for the short-term simulation demonstrated a high accuracy in reproducing
observed ground temperatures during 2020-22, with r between 0.8 and 0.9 and RMSE from 0.01 to 0.05 °C. Other CCM
simulations performed for sites in the North Hemisphere, returned higher RMSE values. Renette et al. (2023) when simulating
the thermal regime for blocky terrain in Norway, obtained RMSE between 1.2 to 2.1 °C. RMSE of 1 °C was obtained by
Westermann et al. (2017) for terraces in the Lena River Delta, and by Schmidt et al. (2021) on rock walls in Svalbard.
Regarding the differences between measured and simulated thaw depth, the model predicted an active layer of 2.9 to 3.1 m,
compared to observations of 2.5 to 2.9 m, resulting in a maximum difference of 0.4 m which is higher than the difference of
0.1 m obtained by Westermann et al. (2017) for the Lena River Delta. However, in Westermann et al. (2017), the ALT the

later-was calculated for sediments, while in-our site, featuredease—n-high-diffusivity bedrock. differences-are-prone-to-be
higher-Due to its higher thermal conductivity and lower heat capacity, heat propagates more efficiently through bedrock than

through sediments. As a result, during the thawing season, active layer depths are more sensitive to surface thermal forcing.

Furthermore, this higher sensitivity means that even small misrepresentations of the surface boundary conditions - such as air

temperature or incoming radiation—can amplify deviations in the simulated ALT.

The seasonal analysis of ground temperature, as indicated by freezing and thawing parameters, underscores the model's
capability to simulate seasonal variations and the effect of snow. A slight overestimation of FDD was detected for 2021 and
2022, while for the TDD, an underestimation was found. The FDD, higher than the TDD, align with observations at KSS and
other observatories in the South Shetlands Archipelago, such as those on Deception and Livingston Islands reported by de
Pablo et al. (2024).

5.3 ERAS5 limitations

The underestimation of air temperature during the thawing season is a limitation when using ERA5 variables, as it constrains
surface warming and delays the onset of the season which impacts the active layer thickness and permafrost temperature. This
underestimation is linked to the coarse spatial resolution of the ERAS5 grid, which may represent areas with significant
variations in conditions, such as the presence of ice, bare ground, or water. In the Antarctic context, studies have assessed the
quality of ERA5 estimates. Xie et al. (2023) reported a high correlation between ERA5 data and Antarctic station
measurements, with coefficients exceeding 0.95 at 121 sites and bias lower than 4 °C. Similarly, Zhu et al. (2021) found a
correlation coefficient of 0.94 for the annual period on the Antarctic Peninsula, associated with a bias of 0.6 °C. At the seasonal
level, correlations ranged from 0.82 in December—February (DJF) to 0.93 in September—November (SON). A warm bias was
detected from May to September, with extreme values in August and December.

In Barton Peninsula, the largest differences in air temperature occurred during the freezing season, with KSS daily temperatures
being 5 °C lower than ERAS estimates in August 2020 and 6 °C lower in May 2022.
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5.4 Reconstruction of ground temperatures using ERA5 forcing — long-term simulation (1950-2022)

The long-term simulation from 1950 to 2022 provides for the first time insight on the evolution of ground temperatures and
ALT in Barton Peninsula and in the Antarctic Peninsula region. The model revealed a ground warming trend during the period,
with MAGT increasing from -2.7 to -1.2 °C while MAGST increased from -4.5 to -0.8 °C. Since 2016, an acceleration of the
ground temperatures warming was observed. This trend results from the climate warming in the Antarctic Peninsula and the
South Shetlands, as addressed by Turner et al. (2016), Bozkurt et al. (2021, 2022), and Gorodetskaya et al. (2023). The limited
time span of borehole data, available in the Antarctic Peninsula since mid to late 2000’s, is a constraint to the understanding
of these temperature trends across the observatories for permafrost since inhibit the-to distinguish between short-term climate
fluctuations, e.g decadal cycles, from longer-term trends caused by climate change.

The reconstruction of historical ground temperature profiles reveals distinct periods. The period from 1950 to 1990 showed a
progressive warming of 0.04 °Clyear, resulting in increased ALT (0.02 cm/year) and more pronounced temperature
fluctuations, indicative of short-term climate variability. From 1990 to 2000, the alternating warming and cooling periods of
shorter durations highlighted a rapid response in the MAGST and TTOP values, while the MAGT remained stable. The intense
warming observed from 1995 to 2000, resulting in a significant increase in MAGST and TTOP of 0.3 °C/year, and MAGT of
0.1 °Clyear, reflects regional warming and their impact on ground temperature.

The period from 2000 to 2015, characterized by a cooling trend, aligns with observations from Deception and Livingston
Islands by de Pablo et al. (2016). This cooling resulted in a thinning of the ALT from 2.6 to 1.8 m. The same trend was observed
by de Pablo et al. (2016, 2020) and Ramos et al. (2017) at the CALM site on Deception Island, where a decrease in ALT was
measured while a longer duration of snow cover was detected.

The recent warming from 2015 to 2022, characterized by an increase in both the frequency and intensity of warm events
addressed by Gonzalez-Herrero et al. (2022) and Gorodetskaya et al. (2023), highlights the sensitivity of ground temperatures
to atmospheric changes. This is evidenced by the deepening of the active layer by 1 m and a rapid increase in MAGST, TTOP
and MAGT to approximately -1 °C. For permafrost, which reached a temperature close to -1 °C in 2022, these warmer
conditions increase the susceptibility to degradation, placing permafrost near a critical threshold due to the proximity to the
freezing point.

In the coastal areas of Alaska, Romanovsky et al. (2010) noted that permafrost temperatures around -1 °C have led to extensive
thawing. For the Canadian Arctic, Smith et al. (2010) also discussed how temperatures nearing -1 °C have initiated significant

thaw, destabilized permafrost and led to terrain changes, such as subsidence and landslides.

6 Conclusions

Permafrost and active layer temperatures modelled with the CCM using ERA5S forcing were successfully validated against

measurements from the Barton Peninsula King Sejong Station permafrost borehole for 2020 to 2022. The high accuracy of the

29



500

505

510

515

520

525

results allowed to expand the modelling period using the ERAS5 series from 1950 to 2022, reconstructing the history of
permafrost in the South Shetlands since 1950.

The flexibility of the CCM hierarchical structure allowed a good representation of the surface and ground conditions at the
KSS borehole, resulting in correlation between the measured and estimated ground temperatures from 0.9 (down to 6 m depth)
to 0.8 (down to 13 m depth). A delay on thaw propagation and an overestimation of 0.4 m were obtained for the active layer
thickness. Ground surface temperatures were slightly underestimated by the model, with MAGST varying from -1.9to -1.4 °C
while observed MAGST were between -1.7 to -0.9 °C. The same trend was observed for the estimation of the freezing and
thawing seasons severityintensity.

The parameterization of the model with known site characteristics and the validation results, highlight the importance of ground
truthing data. Underestimated ERADb air temperature during the thawing season is a constraint for the model application since
it affects the simulation of surface warming, which is delayed and weakened during the transition from the freezing to the
thawing season. Therefore, must be corrected using field observations following Westermann et al. (2015).

Simulation of permafrost and active layer temperatures since 1950 in the KSS borehole revealed four different periods, despite
a long-term warming trend which led to the MAGST increased by approximately 3 °C from an initial value of -4.2 °C, while
permafrost temperatures at 20 m depth rose by 2 °C from -2.7 °C, corresponding to a warming rate of approximately 0.24
°C/decade.

The recent acceleration of warming since 2016 highlights the impact of climate change, particularly the increasing frequency
and intensity of extreme events that directly affect snowmelt and ground temperatures. This intensified warming trend has led
to an increase of 2 m in ALT, emphasizing the growing vulnerability of permafrost to degradation as temperatures approach
the critical threshold of -1 °C, a pattern comparable to Arctic regions where similar conditions have resulted in widespread
permafrost thaw.

The limited number, coverage, and short data-series of permafrost boreholes in Antarctica, have constrained the understanding
of the permafrost temperature evolution and its susceptibility to climate change. For the first time, this study reconstructed
ground temperature trends since 1950 using a modelling approach validated by in situ measurements, providing a better
understanding into the impacts of climate change on permafrost temperature and ALT in the region. Moreover, the successful
implementation of CCM for the KSS permafrost observatory, highlights the model's potential applicability in the Antarctic
context, enhancing knowledge of permafrost evolution under past climate change scenarios and raising the possibility of

modelling its future evolution.
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