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Abstract

The study of the ground surface temperature (GST) regimes from 2007 to 2021 at different stations on Livingston and Deception islands,
South Shetland Islands, in the north-western sector of the Antarctic Peninsula (AP), shows that soils undergo similar cooling in early winter
before a shallow snowmantle covers the sites. All monitoring sites along the study period go through seasonal phases of cooling, attenuation,
insulation, fusion and zero curtain during winter, although thermal equilibrium is only reached at some stations located at lower elevations
on Livingston Island. GST evolution at these stations and the duration of snow periods show oscillations, with turning points in the years
2014 and 2015, when temperatures were at their minimum and snow durations were at their maximum, in agreement with the cooling
period occurring in the north-western AP in the early twenty-first century. The thermal regime is mainly controlled by snow cover and its
onset and offset dates based only on descriptive patterns, not on statistical testing, more than by altitudinal, topographical, geological or
geomorphological factors.
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Introduction

The western sector of the Antarctic Peninsula (AP) is one of the
regions on Earth where temperatures have been rising rapidly
in recent decades. An increase of 0.54○C in air temperature was
reported in the second half of the twentieth century (Turner et al.
2005, 2019, Steig et al. 2009). Despite the cooling recorded between
2000 and 2015 in the AP (Carrasco 2013, Turner et al. 2016, Oliva
et al. 2017), and considering the regional climate variability, a
general increase in temperature continued in the early decades of
the twenty-first century (e.g. Turner et al. 2016, IPCC 2019, Clem
et al. 2020).This atmospheric warming had implications in various
areas, including sea temperature, glacier mass balance, soil eco-
logical conditions and its thermal regime and geomorphological
dynamics (e.g. Meredith & King 2005, Molina et al. 2007, Convey
et al. 2009, Vieira et al. 2010, Abram et al. 2013, Bockheim et al.
2013, Kejna et al. 2013, Navarro et al. 2013, Turner et al. 2013,
Oliva & Ruíz-Fernández 2015, 2017, Sancho et al. 2017, Engel et al.
2018, Obu et al. 2020, Putzke & Pereira 2020, Auger et al. 2021,
de Pablo et al. 2024).
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As is widely known (e.g. Smith & Riseborough 2002,
Romanovsky et al. 2010), increases in air temperatures have direct
consequences on the thermal regime of soils. Considering the
absence of significant vegetation cover (de Pablo et al. 2024), the
soil thermal regime will mainly be modulated, at the local scale,
by the insulating effect of snow cover (Zhang 2005), overriding
other geographical and climatical factors. Understanding the daily
thermal regime of soils enables the identification of the context for
the development of certain periglacial processes or the conditions
for vegetation growth in the harsh and limiting conditions of
Antarctica (e.g. Guglielmin 2006).There are increasing numbers of
studies examining the soil thermal regime in the AP (e.g. Cannone
et al. 2006, Guglielmin 2006 and references therein, Cannone &
Guglielmin 2009, Francellino et al. 2011, Guglielmin et al. 2012,
2014a,b, Roberts et al. 2013, Fisher et al. 2016, Ambrožová et al.
2020, Hrbáček et al. 2020, Obu et al. 2020, Lacelle et al. 2022,
Lim et al. 2022, Savenets et al. 2023, de Pablo et al. 2024) due
to its significant implications. With this work, we aim to study
the yearly thermal regime and the thermal phases of frozen soils
on Livingston and Deception islands, in the AP’s western sector,
where global warming’s effects will first affect the surficial regime
(González-Herrero et al. 2024). The specific research questions
we intend to address in this study are: how is the ground surface
thermal regime of the study areas characterized? How and when
does ground cooling occur? What role does the snow cover
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Figure 1. Locations of the ground surface temperature monitoring stations of the PERMATHERMAL network on Livingston and Deception islands, South Shetland Islands, Antarctica.
a. Satellite view of the South Shetland Islands, showing the locations of the three study areas: b. Deception Island, c. Hurd Peninsula and d. Byers Peninsula on Livingston Island.
b. Oblique view of the southern flank of Deception Island showing the location of CL station. c. Photograph from Spanish cove of the northern flank of Reina Sofía Mount, showing
the distribution of JC, NI, IN, CR, MO and SO stations. d. View of the western sector of Byers Peninsula with the location of LL station.

Table I. Main settings of the ground surface temperature monitoring sites on Livingston and Deception islands (simplified from de Pablo et al. 2023, after
Ferreira et al. 2017).

Location Area
Site

Elevation (m) Established Geomorphology Wind
Name Code

Livingston Island
Hurd Peninsula

’Juan Carlos I’ Station JC 12 2010 Raised beaches Low

Nuevo Incinerador NI 19 2007 Slope foot Very low

Incinerador IN 34 2009 Rock step in slope Low

Collado Ramos CR 117 2007 Wide, flat interfluve High

Morrena MO 145 2009 Lateral moraine High

Reina Sofia Mount SO 274 2009 Slope top near summit Very high

Byers Peninsula Limnopolar Lake LL 80 2009 Gentle slope High

Deception Island Crater Lake Crater Lake CL 85 2009 Gentle slope Very high

play? Does the snow cover attenuate the atmospheric thermal
signal? What are the consequences of the type and duration of
the snow cover on soil temperatures? Is permafrost possible under
these conditions? How have the ground thermal regime and the
associated environmental conditions evolved over time, and what
are the implications of this for the soils?

Along with answering these questions, we also aim to answer
some more general inquiries: has there been a change in the ther-
mal regime trend of soils in the area during the time period of
investigation? Are these potential changes related to the cooling
and warming periods recorded in the early twenty-first century in
the western region of the AP?

Study areas

To address these questions, ground surface temperature (GST) data
acquired at the PERMATHERMAL network stations (de Pablo
2021, 2022, 2023) are used. This network comprises various sta-
tions for ground thermal monitoring on Livingston and Decep-
tion islands, located in the South Shetland Islands archipelago in
the north-western sector of the AP. GST sensors have been pro-
gressively set up among the instruments installed at the different
stations since 2007. In this study, GST data from eight stations
are used (Fig. 1): six are situated at elevations ranging from 12
to 274 m above sea level (a.s.l.) on Hurd Peninsula (Livingston
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Island), one is on Byers Peninsula (Livingston Island) and one is
on Deception Island (Table I). Each of these stations features vary-
ing geomorphological settings and exposures to prevailing winds
(Table I). Nonetheless, the site selection aimed to represent typical
environmental conditions and windy exposures (de Pablo et al.
2024). The use of several stations in Hurd Peninsula aims to assess
altitudinal and geomorphological effects, as this area shows more
significant geomorphological and geological variability compared
to Byers Peninsula and Deception Island (Table I).

Both islands have a cold maritime climate at sea level, with
mean annual air temperatures (MAATs) ranging from −2○C to
−1○C (Bañón 1994, 2001, Ramos et al. 2008b, Bañón & Vasallo
2015). MAAT decreases with increasing elevation, reaching as
low as −4○C at Reina Sofía Mount (Ramos et al. 2008a). Annual
precipitation, primarily as snow, is ~500 mm at sea level, with
greater accumulation during spring, although liquid precipitation
is expected at low elevations, typically below 100 m a.s.l., during
summer (Bañón et al. 2013). Winds exhibit a variety of directions,
with the south-westerly prevailing at an annual average speed of
~25 km/h, occasionally peaking at 140 km/h (Bañón et al. 2013).

A seasonally freezing and thawing surface layer occurs at all
stations, with thicknesses ranging from 40 to 160 cm depending on
the island and elevation (de Pablo et al. 2013, 2014, 2024, Hrbáček
et al. 2016a,b, Ramos et al. 2017). Permafrost is absent from low-
elevation sites (Ferreira et al. 2017), with the limit between con-
tinuous and discontinuous permafrost occurring at ~150 m a.s.l.
in the Hurd Peninsula (Ramos et al. 2013). At Reina Sofía Mount,
permafrost is at least 25m thick (Ramos&Vieira 2009, Ramos et al.
2020), whereas permafrost is widespread onDeception Island, with
thicknesses varying from 3 to 25 m (Vieira et al. 2008, Bockheim
et al. 2013, Ramos et al. 2013, 2017, Goyanes et al. 2014). Climatic
and geophysical data suggest that permafrost on these islands is
near its thermodynamic limit of existence (Hauck et al. 2007,Vieira
et al. 2010, Bockheim et al. 2013, de Pablo et al. 2024).

Data and methods

Ground surface temperature monitoring

GST has been measured continuously since 2009 at eight monitor-
ing stations of the PERMATHERMAL network, with testing also
occurring since 2007 at three stations (NI, CR andMO; Fig. 1, and
see Table I for station naming codes), using iButtonThermochron
DS1921G devices with 0.5○C resolution and accuracy, measuring
every 4 h. In 2009, the instruments at all stations were upgraded the
DS1922L devices with a resolution of 0.0625○C and an accuracy of
0.5○C.These devices, capable of storing up to 4096 measurements,
were programmed to measure every 3 h to ensure data collection
for a full year. The instruments were attached by means of a plastic
support model DS9093F+ to a duralumin or stainless-steel plate of
20 × 20 × 0.2 cm to obtain more representative GSTs. The plates
were buried ~2–3 cm deep to prevent their direct heating by solar
radiation or their direct cooling by snow and ice. Data were down-
loaded annually, generally in January or February, by taking the
sensors from the plates, and the plates were then reinstalled again
after programming the devices for a new year of data acquisition
(de Pablo et al. 2024).

Data processing

Despite continuous monitoring, there are gaps in the time series
due to 1) failure of the devices caused by battery exhaustion, 2)

Figure 2. Typical ground surface temperature (GST) thermal regimes in cold regions
and the main parameters controlling them to allow for the presence of permafrost
(permafrost feasible, possible and/or probable; based on Ishikawa 2003).

damage due to moisture and 3) memory capacity being reached
due to logistical complications in site access. These gaps have not
been filled using any algorithm, so the analysis of the available
data was performed as the data stood. Data from each sensor were
processed as follows (de Pablo 2021, 2022, 2023, de Pablo et al.
2024): 1) elimination of invalid data recorded at the beginning or
end of each file, 2) deletion of erroneous data (temperatures outside
the working range) and 3) 0○C calibration using the zero-curtain
period (Outcalt et al. 1990) and the latest data of the previous year.
This last correction always implied offset values lower than the
precision of the devices (± 0.5○C).

Thermal regime classification

Depending on the general annual behaviour of GST, we define
the yearly thermal regime at each station using the classification
of Ishikawa (2003), which depends on when soil freezing occurs,
based on the date of snow cover onset (Fig. 2). We recognize the
following main types:

• Regime Type 1: no soil freezing due to the presence of thick snow
cover from late summer

• Regime Type 2: ground cooling throughout the winter due to
absent or very thin snow cover

• Regime Type 3: ground cooling before the accumulation of an
insulating snow cover layer

• Regime Type 4: ground cooling due to air flow through the
granular soil materials

We studied the temporal evolution of the ground thermal
regimes over time at each station in terms of elevation and location.

Phases of the ground surface thermal regime

The time series were plotted to determine the duration of the GST
periods (Fig. 3), following the definitions of Delaloye (2004) and
Schoeneich (2011), as follows:

• Phase 1: warming. Characterized by positive temperatures
(except in short periods), corresponding to the summer season
when the ground warms up.

• Phase 2: cooling. Temperatures drop below 0○C, although there
may be episodes of higher temperatures and even curtain effect
periods associated with the first autumn snowfalls. In this phase,
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Figure 3. Theoretical diagram of the phases of thermal evolution of seasonally frozen soils (modified from Delaloye 2004, Schoeneich 2011). WEqT = equilibrium temperature.

temperatures decrease significantly, and daily thermal variability
is maintained.

• Phase 3: attenuation.The snow cover is now sufficient to provide
some insulation for the ground, resulting in reductions in the
daily thermal variability.

• Phase 4a: insulation.The snow cover has reached sufficient thick-
ness to insulate the ground significantly, resulting in only long-
term temperature fluctuations, and the temperature is controlled
by the temperature of the snow and of the permafrost table, when
present.

• Phase 4b: equilibrium. The thickness and duration of the snow
mantle are sufficient to provide insulation, allowing the terrain to
maintain a very regular equilibrium temperature (WEqT) with
minimal long-term variation.

• Phase 5a: melting. Snow cover begins to melt, and temperatures
start to rise significantly.Whenmeltwater percolates through the
snow layer and reaches the ground, there is a significant increase
in temperatures before the curtain effect period, which usually
occurs before the complete disappearance of the snow.

• Phase 5b: zero curtain.This phase is characterized by isothermal
conditions of ~0○C as the ground thaws, known as the ‘curtain
effect’ (Outcalt et al. 1990), preceding the summer warming
phase.

It is important to clarify that in the division into thermal phases
of the soils, Delaloye (2004) initiates Phase 5 (here Phase 5a)
when significant warming occurs before the onset of the curtain
effect associated with the arrival of infiltration water into the
ground. However, in Schoeneich (2011), the boundary between
these phases is defined as when temperatures indicate that the
ground has exited the insulation and/or equilibrium phase and is
beginning to increase in temperature gradually. In this work, we
follow the latter criterion while providing the date of occurrence of
the former (Table II) to enable future comparative studies by other

authors. Furthermore, neither Delaloye (2004) nor Schoeneich
(2011) distinguishes the subphases in the melting process. We
have chosen to define two subphases to emphasize the presence
and duration of the curtain effect period, which is crucial when
studying snow presence and its relative thickness. Finally, we have
calculated the total duration of the thawing (Phase 1) and freezing
periods (Phases 2, 3, 4a, 4b, 5a and 5b) for each annual cycle, which
often exceeds a natural year. This allowed us to assess its annual
evolution.

Distinguishing between the different phases was performed
visually (Table II). The cases of the separation between Phases 1
and 2 and between Phases 5b and 1 are quite clear due to the sharp
changes in thermal behaviour; in other cases, such as between
Phases 3 and 4 or even between Phases 4a and 4b, distinguishing
between them is more subjective and so potentially disputable. We
reviewed each yearly dataset recursively to ensure that the same
criteria were applied in all cases by the same researcher. Estab-
lishing a mathematical method based on daily thermal amplitude
changes over time or even the defining such thresholds has not
been attempted in the literature and will be the objective of future
works.

Extreme temperatures and equilibrium temperatures

The dates and values of the maximum temperatures recorded dur-
ing the ground warming period have been identified (Table II), as
well as those of the minimum temperatures during the cooling and
attenuation phases. Additionally, when applicable, the equilibrium
temperature, or WEqT, was determined. WEqT has been used
as a reference for assessing the likelihood of permafrost presence
beneath the active layer, similar to the bottom temperature of snow
cover (BTS) methodology (Haeberli 1973, 1985, King 1983), with
the following limits (Hoelzle 1992):
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Table II. Definition of the starting dates of the different key periods in the thermal evolution of seasonally frozen soils (following Delaloye 2004, Schoeneich 2011) and
key temperatures.

Parameter Definition

First snow Date of the arrival of the first snowfall, with a non-permanent and irregularly distributed pattern

Snow onset Date when the snow definitively covers the terrain until spring. Drop in temperatures below 0○C until the end of the freezing
period. Boundary between Phases 1 and 2

Cooling Date when the period starts with drastic temperature decreases below 0○C, but with daily thermal fluctuations. Boundary
between Phases 2 and 3

Cooling peak Date of the lowest temperatures during the cooling period or Phase 3

Insulation Date when the period of low temperatures begins to attenuate. Boundary between Phases 3 and 4a

Winter peak Date of the lowest temperatures during the isolation period or Phase 4a

Snow melting Date when temperatures start rising at the end of Phase 4. Boundary between Phases 4 and 5

Water percolation Date of the sudden rise in temperatures at the end of the freezing period, or Phase (4), before reaching the zero-curtain period

Zero curtain Date when temperatures reach a value close to 0○C and remain approximately constant for a time period

Snow offset Date when temperatures turn positive again at the end of the freezing period or Phase 4, and the zero-curtain period. Boundary
between Phases 5 and 1. Start of the warming phase

Warm peak Date of the maximum temperature during the thawing period or Phase 1

Warm peak temperature Maximum temperature (oC) during the warming phase or Phase 1

Cooling peak temperature Minimum temperature (oC) during the cooling phase or Phase 2

Winter peak temperature Minimum temperature (oC) during the attenuation phase or Phase 3

WEqT Equilibrium temperature (oC) reached in Phase 4b, when reached

Freezing period Freezing period (in days), defined between the cooling, attenuation, insulation, equilibrium, melting and zero-curtain periods

Thawing period Thawing period (in days), corresponding to the warming period

Snow-free period Snow-free period (in days), defined between snow offset and snow onset

Snow period Period (in days) with snow cover, defined between snow onset and snow offset

• WEqT < −3○C: permafrost likely
• -2○C >WEqT > −3○C: permafrost possible
• WEqT > −2○C: permafrost unlikely

Snow cover

The presence of snow has been determined based on GST analysis
following Danby & Hik (2007). According to this method, when
the daily temperature variance is <1○C, the ground is considered
to be covered by snow. The first time this variance persists for 3
consecutive days at the end of summer or early autumn, the snow
period commences (i.e. snow onset). It ends when this variance
exceeds the 1○C threshold at the end of winter or the beginning
of spring (i.e. snow offset). The duration of the snow period is
calculated as the number of days between snow onset and snow
offset (Table II).

It is important to note that the snow offset corresponds to
the end of the curtain effect period and the beginning of the
warming phase, as previously defined in this study. Additionally,
the duration of the snowmelt period has been calculated as the
number of days between the start of the melting phase (Phase 5a)
and the snow offset (end of Phase 5b; Table II).

Results and interpretation

Thermal regimes

The temperatures recorded at all stations throughout the study
period (2007–2021) exhibit clear seasonality with two major

periods. Firstly, during the summer periods, temperatures con-
sistently remain above 0○C. Secondly, during the winter periods,
temperatures do not exceed this threshold (Fig. 4). There is
no instance in which GST at the stations remained above
0○C or in a zero-curtain phase throughout the entire winter
period. Nor have there been stations where temperatures did
not undergo thermal attenuation during winter, indicating the
presence of a certain thickness of snow cover with insulating
properties.

Therefore, based on the observed thermal behaviour, it can be
established that all stations have exhibited a Type 3 thermal regime
(Ishikawa 2003). According to this classification, the ground cools
before the arrival of a snow coverwith sufficient thickness to at least
attenuate the thermal signal from the atmosphere. This seasonal
structure is recognizable in theGST curves shown (Fig. 4), inwhich
cooling begins before attenuation stabilizes temperatures. In many
cases, soil insulation is achieved, although equilibrium (WEqT)
during the winter is only reached in a few cases, as we will discuss
later. Despite the uniformity in the thermal regimes of all stations,
station LL shows a pattern that is more consistent with a Type 4
regime, characterized by partial insulation and moderate thermal
damping during winter. Similarly, station NI has experienced lim-
ited cooling in the early autumn and quickly enters a zero-curtain
phase extending for up to 5 months, leaning towards a Type 1
regime, butwithout becoming distinctly Type 1. For example, some
stations take longer to attenuate the daily thermal signal, but at no
point does it persist throughout the entire winter, preventing the
achievement of a complete Type 2 thermal regime.
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Figure 4. Ground surface temperatures at all monitoring stations (letter codes as in Table I) during the 2007–2021 period.

Thermal phases

The analysis of thermal phases (Fig. 3) in GST across all stations
reveals a certain uniformity among them (Table III). Typically,
stations go through a thawing phase (Phase 1), followed by a

cooling process (Phase 2) at the beginning of autumn, succeeded
by an attenuation period (Phase 3) when the snow cover begins to
thicken and provide insulation. Subsequently, they progress to the
insulation phase (Phase 4a) when the snow cover becomes highly
insulating. In only a few cases (specific stations and years), the
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Table III. Mean duration in days of the different thermal phases during the study period (2007–2021) at all monitoring stations (letter codes
as in Table I; phases: 1 = thawing; 2 = cooling; 3 = attenuation; 4a = isolation; 4b = equilibrium; 5a =melting; 5b = zero curtain), as well as the
entire freezing period (F = 2 + 3 + 4a + 4b + 5a + 5b), the snow period (SP = days between snow onset and snow offset) and the snow cover
melting (SM = 5a + 5b).

Site Phase Period

2 3 4a 4b 5a 5b 1 F SP SM

JC 48 53 54 2 31 54 115 243 271 85

NI 48 32 48 3 59 98 75 287 300 156

IN 46 75 51 2 36 44 112 253 272 80

CR 60 87 47 0 40 37 94 271 282 77

MO 49 85 65 0 47 40 85 285 283 87

SO 51 126 43 0 54 32 56 306 312 86

LL 45 48 80 18 45 68 67 274 312 113

CL 50 115 34 0 44 27 94 269 277 71

ground reaches the thermal stability phase (Phase 4b) before the
snow cover’s melting phase (Phase 5a) begins. A gradual rise in
temperature characterizes this melting phase until the snowmelt
water reaches the ground surface. At this point, temperatures
abruptly increase, remaining at ~0○C during the zero-curtain
phase (Phase 5b). When the snow finally disappears, the soil starts
recording positive temperatures, entering the next summer period
(Phase 1).

This progression through the different thermal phases is not
consistently observed at all stations throughout the study period.
The duration of the phases varies, not only within stations over
time, but also between stations (Fig. 5). For example, Phase 1
(warming) lasts 56–115 days (Table III), which is reduced to ~30
days at higher-elevation stations. However, in some years, it can
drastically shrink to 15 days, whereas in others, it can extend to as
long as 120 days. Phase 2 (cooling) is relatively stable in all stations,
with a duration ranging from 45 to 60 days, followed by Phase 3
(attenuation), withmore variable durations, ranging from30 to 120
days. Stations from the Hurd Peninsula at different elevations and
geomorphological settings (Table I) showed an apparent increase
in the duration of Phase 3 (attenuation) with elevation (JC, NI,
IN, CR, MO, SO, from low to high elevation). However, stations
in other locations (LL in Byers Peninsula and CL on Deception
Island) do not fit that elevation trend (Table III), indicating the
impacts of other local thermal behaviour factors on the duration of
the thermal phases. The station with the longest duration of Phase
3 (attenuation) is SO at the summit of Reina Sofía Mount. Phase
4a (isolation) typically lasts ~50 days, but at many stations it can
extend for more than 100 days (Fig. 5). Phase 4b (equilibrium) is
only reached in a few stations in specific years and has a short dura-
tion (15–30 days), as observed at LL, where WEqT is reached in
various years. The melting (Phase 5a) and zero-curtain (Phase 5b)
phases exhibit considerable variability in their duration (Table III),
although, on average, the former lasts ~40 days and the latter lasts
50 days on average. In some cases, these phases can extend to as
long as 120 days (Fig. 5).

Extreme ground surface temperatures

The annual maximum andminimumGSTs exhibit variability, both
over time and among stations (Fig. 6a). Maximum GST ranged
from 3.5○C to 23.4○C, with the highest values occurring in 2011

and 2019. In those years, maximum GST ranged between 10○C
and 22○C. The minimum values of the GST maxima were reached
in 2015, ranging from 4.7○C to 11.8○C. Overall, the maximum
GST declined between 2011 and 2015, followed by an increase
between 2016 and 2019. In 2020 and 2021,maximum temperatures
dropped.The difference inmaximum temperatures among stations
was ~7–9 ○C, with a decrease in temperature with increasing
elevation. SO, located at the highest elevation, recorded the lowest
maximum temperatures, whereas JC, NI and IN, situated at lower
elevations, recorded higher temperatures (Fig. 6a).

The minimum GST exhibits an inverse behaviour to the max-
ima, although with greater interannual variations. Minimum tem-
peratures are higher when maximum temperatures are lower. In
general, minimum GST increased until 2014, declined until 2018
and then rose again (Fig. 6a). The differences between stations
range from ~5○C to 10○C. It is worth noting that the highest-
elevation station (SO: −12.5○C in 2019) does not record the lowest
minimum temperatures in the network; rather, it is CL and CR
stations that do so, at −14.8○C and −14.1○C in 2012, respectively.

Considering the limitations of the lack of data from some years
due to gaps, the dataset suggests opposite trajectories for both
maximum and minimum GSTs calculated for the study period.
These trends show a decrease in maximum temperatures and an
increase in minimum temperatures (Fig. 6b), although not with
equal intensity across all stations. The only exceptions to this
behaviour are SO station at the highest elevation, where both
maximum and minimum temperatures show decreases, and CR
and NI stations, which show slight increases in maximum tem-
peratures. Notably, LL station experiences minimal decreases in
maximum temperatures and relatively small increases inminimum
temperatures, typically ~2○C per decade.

Although both linear and polynomial fits (Fig. 6) were used to
explore the temporal evolution of GST extremes, only the linear
regressions were evaluated statistically. Among them, a significant
decrease in maximum GST was found at SO station (P = 0.017),
whereas no significant trends were detected for the remaining sta-
tions or for minimum GST. Polynomial fits, such as that obtained
for IN station, were used exclusively to illustrate the apparent
cyclicity observed in the interannual variability of extreme values,
without indicating statistical significance.

The thermal equilibrium at the end of the winter has never been
achieved at the station located on Deception Island (CL). It has
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Figure 5. Stacked length in days at the different monitoring stations (letter codes as in
Table I) of the different ground thermal phases: 1=warming (orange), 2= cooling (grey),
3 = attenuation (bright blue), 4a = insulation (light blue), 4b = equilibrium (dark blue),
5a=melting (yellow) and 5b= zero curtain (pink). Note that one complete period could
extend for more than 1 calendar year (i.e. more than 365 days). Incomplete periods are
present because data gaps were not assessed in the analysis.

Figure 6. a. Yearly maximum (upward-pointing triangles), minimum (downward-
pointing triangles) and equilibrium temperature (WEqT; stars) reached at the different
monitoring stations (letter codes as in Table I) during the study period, and polynomial
fitting curves (dashed lines) to IN station data showing a cyclical behaviour, as well
as their trends. These illustrative polynomial fits are statistically significant (P < 0.05),
although they are used here solely to highlight the interannual variability at a represen-
tative site. Upper (-2○C) and lower (-3○C) WEqT thresholds (dotted lines) for improba-
ble, possible and probable permafrost table presence (Hoelzle 1992) are also shown.
b. Linear trends of maximum and minimum annual temperatures at each station during
the 2007–2021 period. Among the maximum temperatures, only SO station shows a
statistically significant trend (P = 0.017). Trends in minimum temperatures are not
statistically significant at any station (P > 0.05).

only been reached once at lower-elevation stations on the Hurd
Peninsula of Livingston Island, with very similar temperatures:
−1.1○C at JC in 2012, −1.2○C at NI in 2015 and −1.1○C at IN in
2018. However, in Byers Peninsula, thermal equilibrium during
the winter has been reached at the LL station on six occasions
throughout the study period, with significantly lower temperatures
compared to those recorded at the other stations: −1.8○C in 2010,
−3.9○C in 2011, −2.1○C in 2012, −3.2○C in 2015, −2.1○C in 2018
and −2.0○C in 2020.

While thermal equilibrium at the end of winter is not attained at
all stations in all years due to variation in the snow onset and thick-
ness, in locationswhere it has been achieved on theHurd Peninsula
of Livingston Island, the WEqT values are at approximately −1○C.
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Figure 7. Length in days of the entire snow period (circles) and snow melting (trian-
gles) during the study period at the different ground surface temperature monitoring
stations (letter codes as in Table I). A six-degree polynomial fit is shown for the IN station
dataset (the most continuous dataset) to illustrate the apparent cyclicity in snow cover
duration. The curve is included for descriptive purposes only and was not used for
statistical inference.

Snow cover

The duration of the snow-covered period ranges between 240 and
330 days (Fig. 7), with differences of 45–60 days between stations.
However, in 2018, this difference exceeded 75 days. Over the
years of the study period, the duration of the snow cover on the
ground has experienced fluctuations, increasing from 2010 to 2014
and 2015, when it reached its maximum duration at the stations.
Then, it decreased again until 2019. Since that year, there has been
another increase in duration. Although the time series is very short,
an apparent 8 year cycle may be observed, with 2018 standing out
as relatively anomalous due to its extended duration of snow cover.
Although a six-degree polynomial model was used to illustrate this
apparent cyclicity at IN station (Fig. 7), the curve is included for
descriptive purposes only. Despite themodel yielding a statistically
significant fit (R 2

= 0.81, P < 0.0001), it was not used for inferential
analysis due to the limited number of data points and the risk of
overfitting.

Within the study period, the duration of the melt-days is much
more variable than snow cover duration, both over time and among
stations. Generally, the duration of snow cover melt ranges from
15 to 150 days. However, NI station has significantly longer such
durations, ranging from 120 to 240 days, with, in general, vari-
ability between stations of up to 90 days. The exception is NI
station, which shows variabilities of up to 165 days.Themelt-phase
duration is approximately a third to a quarter of the total snow-
covered period. This snowmelt phase also exhibits an apparent
cyclical pattern, with a peak in 2014 and 2015 and a minimum in
2019, although this pattern is less distinct than the pattern relating
to the snow-covered period duration. Due the numerous stations
employed in this analysis across various elevations within the same
area, these results demonstrate robustness regarding the observed
short-term cycle, despite the brevity of the dataset.

The duration of snow cover varied notably among the years and
stations analysed, with longer periods generally observed ca. 2014–
2015 and shorter durations observed ca. 2019 (Fig. 7). Maximum

GSTvalues also fluctuated over the study period,with relatively low
values recorded in those same years that demonstrated extended or
reduced snow cover duration, although this relationship was not
consistent across all sites (Fig. 6a).

Discussion

Interannual, seasonal and regional ground surface
temperature evolution

The ground surface thermal regimes of the monitoring stations fall
under Regime Type 3 (ground cooling before the accumulation
of an insulating snow cover; Ishiwaka 2003), indicating that the
ground froze during the autumn before the accumulation of suffi-
cient snow to form a thick snow cover layer with insulating capac-
ity. This results in the ground mainly being sensitive to changes
in air temperature during the thawing and early freezing periods.
These changes in thermal phases observed after 2015 probably
reflect the end of the regional cooling period documented in theAP
between 2000 and 2015 (Turner et al. 2005, 2016, Steig et al. 2009,
Carrasco 2013, Oliva et al. 2017). Despite this temporary cooling,
the long-term trend indicates that air temperatures in the AP
have continued to rise over recent decades, with its warming rates
being among the highest on the continent (González & Fortuny
2018, Turner et al. 2019, Bozkurt et al. 2020, Carrasco et al. 2021,
González-Herrero et al. 2024). This ongoing warming is expected
to further influence the thermal regime of surface soils and the
stability of frozen ground in this region (Evtushevsky et al. 2020,
Carrasco et al. 2021, Santamaría-del-Ángel et al. 2021, Sato et al.
2021). Due to the relatively short time series, it is not possible to
establish a direct relationship between the observed fluctuations
in snow cover at the stations and the trends of decreasing air
temperatures in this Antarctic region between 2000 and 2015,
followed by its subsequent increase (e.g. Carrasco 2013, Turner
et al. 2016, 2019, Oliva et al. 2017). This regional trend, however,
is not consistently observed across all areas in the region (e.g. de
Pablo et al. 2024), as is shown in our data (Fig. 7). In fact, we
previously described that the trends in snow cover duration (Fig. 7)
display a pattern that is the opposite to the variations in maximum
GSTs recorded at each station (Fig. 6a). For example, during the
years 2014–2015, there was an extended duration of snow cover
accompanied by lower maximum temperatures. In contrast, in
2019, when snow cover duration was shorter, lower maximum
temperatureswere also observed.These observations highlight that
the relationship between snow cover and surface temperature is
not strictly linear and may be modulated by other local or seasonal
factors.

The trend towards the gradual warming of the frozen ground is
already evident in the GST data. On the one hand, there is a trend
of decreasing maximum temperatures, at least during the study
period, alongside an increase inminimum temperatures (Fig. 6), all
converging towards temperatures close to 0○C.These results agree
with previously identified trends of freeze-thaw indices in the soils
and with the number of days under isothermal, freezing and thaw-
ing regimes (de Pablo et al. 2024), which demonstrated increasing
freeze-thaw activity, more frequent isothermal conditions and a
progressive convergence of GST values towards 0○C inmany of the
monitoring sites in the region. Consequently, ground temperatures
may also increase following increases in air temperatures, gradually
shifting from thermal regimes of Type 3 (ground cooling before the
accumulation of an insulating snow cover) to Type 1 (no soil freez-
ing due to the presence of thick snow cover from late summer), or
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Figure 8. Example of the evolution of ground surface temperature at different monitoring stations (in this case, the 2013–2014 section; letter codes as in Table I), with insets showing
a. how temperatures show similar behaviour during the thawing period, whereas b. temperatures deviate from this general behaviour in late autumn to early winter, c. increasing
almost at the same time in late winter to early spring and d. finishing their zero-curtain period at different dates in summer. The complete thermal record is shown in Fig. 4.

from scenarios with feasible permafrost (possible and/or probable)
to others with an absence of permafrost.

A visual comparison of the evolution of the GSTs at the differ-
ent stations indicates that the temperature regime is very similar
during the summer (thawing period; Fig. 4). The most signifi-
cant differences during the study period (2007–2021) are in the
start date of the thawing phase (end of Phase 5b, zero-curtain
phase; Fig. 3), the daily thermal variability and the maximum
temperatures reached (Fig. 6). This is probably associated with the
time it takes for the previous winter’s snow cover to disappear
completely and with the orographic and altitudinal factors that
influence the GST extremes. However, the evolution patterns are
comparable (see Fig. 8 as a detailed example of what is shown in
Fig. 4), despite the various geological, geomorphological and wind
exposure factors at the studied stations (Table I) influencing the
energy exchange between the atmosphere and the ground surface.

During the winter (freezing period), the GSTs at all stations
appear to exhibits similar behaviour at the beginning of autumn
(Fig. 8a). However, the temperatures at different stations gradu-
ally deviate from this similar behaviour, becoming less extreme
with reduced fluctuations (Fig. 8c). We interpret this behaviour
as being due to increasing snow cover, which attains insulating
thickness at different times at different stations. During this period,
stations that deviate earlier from the general thermal behaviour
tend towards thermal regimes of Type 1 (with lower thermal ranges
and extended periods of zero curtain; Fig. 2), even if they were
originally of Type 3. On the other hand, stations that deviate later
from the general trend as the cooling phase progresses align more
with Type 3 and eventually with Type 2 thermal regimes.

Snow effects on ground surface temperature

As was introduced in the previous section, the GST regimes
appear broadly similar across the studied stations based on visual
and numerical comparison, despite differences in elevation and
local site characteristics (e.g. topography, geology and grain size;

Figs 4 & 8 & Table I). This suggests that additional factors, such
as snow cover dynamics, might play a key role in modulating such
thermal behaviour.This similarity holds even for stations located at
different elevations in the same area, at distant regions on the same
island or even on different islands. The effect of snow cover on the
ground surface thermal regime has also been described at other
sites of the South Shetland Islands. However, although topography
appears to play a major role in those areas (Baptista et al. 2024),
we did not observe any clear topographic influence on the GST
regimes at our study sites.

The shift in thermal regime appears to be governed by the arrival
of snow cover with insulating capacity. If this cover arrives too
early, it prevents ground cooling, leading to higher temperatures
and prolonged zero-curtain periods (stations with a Type 3 regime
but tending towards a Type 1 regime; Fig. 2). When it arrives too
late, temperatures fluctuate significantly and barely have time to
reach complete insulation or extended thawing periods (stations
with a Type 3 regime but tending towards a Type 2 regime; Fig. 2).

Thus, we can observe how, in general, the station with the most
attenuated signal throughout the study period, tending tomaintain
temperatures only slightly below 0○C (i.e. approaching a Type 1
regime; Fig. 2), is NI station (Table IV). Following in decreasing
order of insulation are JC, IN, LL, MO, CR, CL and SO stations.
This variability in snow insulation and, consequently, the amount
of accumulated snow appears to be more influenced by local topo-
graphic setting than by elevation. While CR, MO and SO stations
are located at higher elevations and in more exposed areas to the
prevailing westerly to north-westerly winds (as reported at nearby
meteorological stations; see Bañon & Vasallo 2015), CL station -
although at a lower elevation - is also strongly affected bywinds due
to its unsheltered slope position. In contrast, JC, NI and IN stations
are situated at lower elevations and in more sheltered positions.
In particular, NI station is protected by surrounding topography
and lies at the base of a slope with a south-east aspect. LL station,
located at a slightly lower elevation to CR station (Table I), may
accumulate more snow due to its location in a depressed area,
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Table IV. Yearly sequence of stations (letter codes as in Table I) that show the
thermal signal’s attenuation, marking the beginning of insulation due to thick
snow cover. Note that missing station codes indicate gaps in the data for that year
at that site or those sites.

Year Earlier <———————————————————————-> Later

2007 NI MO CR

2008

2009 IN CR SO

2010 JC LL IN MO CR CL

2011 NI JC LL IN MO CL CR SO

2012 NI LL JC IN CR MO CL SO

2013 NI LL JC IN MO CL SO CR

2014 LL NI JC IN MO CR CL SO

2015 NI LL IN CL MO CR SO

2016 NI LL IN MO CL CR SO

2017 NI JC IN MO CR SO

2018 NI JC IN LL CR CL SO

2019 NI JC IN MO CR SO

2020 NI LL IN CR SO

2021 NI LL JC IN CL CR SO

where snow depths of over 1 m have been reported (e.g. Fassnach
et al. 2013, de Pablo et al. 2014). Due to the relatively thick snow
cover, the ground reached thermal equilibrium in several winters
during the study period (Fig. 5), and the WEqT range of between
−4○C and −2○C is compatible with the presence of permafrost at
some stations but not at others.

Examining the sequence in which the stations experience insu-
lating snow cover each year (Table IV), it is evident that NI, LL,
JC and IN station are consistently the first to reach this state,
whereas MO, CR, CL and SO stations are consistently the last.
This suggests that neither site characteristics, such as elevation or
wind exposure, nor elevation are entirely determining factors, but
that the observed patterns point to snow cover playing the most
crucial role during the study period. These results do not imply
that topography or other factors might not play a role over the
short term, as has been observed in a closed area of the South
Shetland Islands (Baptista et al. 2024). However, our analysis shows
that over the long term, the snow cover variability seems to lead
to interannual changes in the ground thermal regime. This also
occurred in areas with scarce snow accumulation during winter
(Hrbáček et al. 2016a), and even during the minor and short-lived
snowfalls of the summer season (Hrbáček et al. 2016b). This has
also been observed to occur in the Northern Hemisphere, where a
recent study has demonstrated how different seasonal snow cover
levels influence the ground surface thermal regime (Motamedi
et al. 2024).

Snowmelt and ground surface temperature thermal regime

Despite the differences in location and elevation, it is notewor-
thy that the date of meltwater percolation into the subsurface is
identical at multiple stations or differs by just 1 or 2 days (see Fig.
8c), although in some cases these differences could extend up to
6 days (Fig. 7). This occurs in many years of the studied period,

and the differences are smaller between stations located at similar
elevations.Only JC station seems to differ from this behaviour, with
this probably being due to its early beginning of the melting period
(sometimes during late winter) and extensive zero-curtain period
(Figs 4 & 5). This suggests that the snow cover begins to thaw
almost simultaneously at nearby stations in response to similar
environmental conditions, allowing meltwater to rapidly percolate
through the snow layer to reach the ground.This is probably due to
the relatively high porosity of the snow cover, which, regardless of
its thickness, enables rapid water percolation. The duration of the
zero-curtain period, if it is related to the snow thickness that needs
to thaw at each point, may also be associated with the formation
and subsequent thawing of an ice layer between the snow cover
and the frozen ground when this water reaches the frozen ground
(Zhang 2005). The effects of snowmelt water percolation will have
numerous implications for the periglacial processes thatmay occur,
as well as for the mobility of chemical compounds and nutrients
(e.g. Chacón et al. 2013, Otero et al. 2013, Polyakov et al. 2020,
Gago et al. 2023). Thus, in conjunction with the thermal regime
itself, snowmelt water percolation will impact the ecology of these
Antarctic locations (e.g. Cannone et al. 2006, Convey & Smith
2006, Cannone & Guglielmin 2009, Michel et al. 2012, Guglielmin
et al. 2014a, Hrbáček et al. 2020).

Ground surface temperature vs permafrost

Permafrost is unlikely at the low-elevation JC, NI and IN stations,
in accordance with the probability limits defined in a study of
temperatures at the base of snow cover (Hoelzle 1992). These
results corroborate findings from other sources and researchers
using different datasets (Ferreira et al. 2017, de Pablo et al. 2024).
Conversely, at LL station located in Byers Peninsula, the results
indicate values ranging from approximately −4○C to −2○C, sug-
gesting the potential presence of permafrost, in accordance with
the previously proposed thresholds (Hoelzle 1992). At stations
where this equilibrium temperature has not been achieved, it is not
possible to determine the likelihood of permafrost presence using
this method, even though at some of them confirmation of this
has been obtained through temperature data from boreholes (e.g.
SO and CL stations; Ramos et al. 2020). This finding agrees with
previous studies (de Pablo et al. 2014, 2017), including geophysical
surveys in similar areas of Byers Peninsula, where sporadic per-
mafrost was described (Correia et al. 2017).

Conclusions

The study of the GSTs of the PERMATHERMAL stations on Liv-
ingston and Deception islands between 2007 and 2021 allows us to
draw the following conclusions:

• Soils exhibit a thermal regime of Type 3 (ground cooling before
the accumulation of an insulating snow cover), whereby the
ground initially cools during the freezing period due to the
absence of snow or its limited thickness. In some cases, the thick-
ness is sufficient to allow the terrain to reach the equilibrium
temperature (WEqT).

• Some stations show a regime close to Type 1 (no soil freezing due
to the presence of thick snow cover from late summer), although
they never reach a fully developed Type 1 regime, indicating a
higher presence of snow in those locations.

• Snow is the most critical factor in conditioning the ground
surface thermal regime. Stations located at different elevations,
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in different soils and geomorphological settings and even on
different islands exhibit generally similar behaviours during the
thawing and the onset of freezing periods, gradually diverging as
the snow differentially covers each of them.

• The GST response to snowmelt occurs almost simultaneously
at most of the stations, especially if they are close, suggesting
that snow thickness is not crucial and that snow allows for
percolation, as soil surface warming is almost simultaneous.

• GSTs indicate the absence of permafrost at stations situated at
lower elevations (i.e. JC, NI and IN stations). LL station might
have permafrost, as shown by the equilibrium temperature rang-
ing between −2○C and −3○C. This classification based on GST
thermal regimes and equilibrium temperatures cannot establish
the presence of permafrost at the other stations as thermal equi-
librium is not reached, but permafrost is known to be present at
SO and CL stations, as confirmed by previous studies.

• GST evolution and the duration of snow periods show oscilla-
tions, with a cooler peak in 2014 and 2015, when GSTs were
at their minimum and snow durations were at their maximum.
This is consistent with the cooling in air temperature recorded
in the north-western sector of the AP until 2015, followed by
subsequent warming.

Supplementary material. To view supplementary material for this article,
please visit http://doi.org/10.1017/S095410202510028X.
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