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A B S T R A C T   

Ice-free areas occupy <0.5% of Antarctica and are unevenly distributed across the continent. Terrestrial 
ecosystem dynamics in ice free areas are strongly influenced by permafrost and the associated active layer. These 
features are the least studied component of the cryosphere in Antarctica, with sparse data from permanent study 
sites mainly providing information related to the ground thermal regime and active layer thickness (ALT). One of 
the most important results of the International Polar Year (IPY, 2007/08) was an increase in ground thermal 
regime monitoring sites, and consequently our knowledge of Antarctic permafrost dynamics. Now, 15 years after 
the IPY, we provide the first comprehensive summary of the state of permafrost across Antarctica, including the 
sub-Antarctic Islands, with analyses of spatial and temporal patterns of the dominant external factors (climate, 
lithology, biota, and hydric regime) on the ground thermal regime and active layer thickness. The mean annual 
ground temperatures of the active layer and uppermost part of the permafrost in Antarctica remain just below 
0 ◦C in the warmest parts of the Antarctic Peninsula, and were below − 20 ◦C in mountainous regions of the 
continent. The ALT varies between a few cm in the coldest, mountainous, parts of the Transantarctic Mountains 
up to >5 m in bedrock sites in the Antarctic Peninsula. The deepest and most variable ALTs (ca. 40 to >500 cm) 
were found in the Antarctic Peninsula, whereas the maximum ALT generally did not exceed 90 cm in Victoria 
Land and East Antarctica. Notably, found that the mean annual near-surface temperature follows the latitudinal 
gradient of − 0.9 ◦C/deg. (R2 = 0.9) and the active layer thickness 3.7 cm/deg. (R2 = 0.64). The continuous 
permafrost occurs in the vast majority of the ice-free areas in Antarctica. The modelling of temperature on the top 
of the permafrost indicates also the permafrost presence in South Orkneys and South Georgia. The only areas 
where deep boreholes and geophysical surveys indicates discontinuous or sporadic permafrost are South Shet-
lands and Western Antarctic Peninsula.   

* Corresponding author. 
E-mail address: hrbacekfilip@gmail.com (F. Hrbáček).  



1. Introduction 

The Antarctic ice-free environments constitute one of the rarest 
terrestrial ecosystems on Earth. The total ice-free surface in Antarctica is 
estimated to extend from ca. 45,000 to 70,000 km2 (Vieira et al., 2010; 
Terauds and Lee, 2016; Lee et al., 2017; Brooks et al., 2019; Gerrish 
et al., 2020), which represents less than 0.5% of the surface of the 
Antarctic continent. The ice-free areas consist of a mosaic of surfaces 
varying from very small rocky outcrops (< 0.1 km2) and nunataks, up to 
large oases (> 100 km2) distributed along the coastlines and isolated 
areas in the interior of the continent. The relief of the ice-free areas has 
been formed over time scales ranging from millions of years, to the 
accelerated glacial retreat detected in some areas over the last few de-
cades. As a result, the ice-free environments have been shaped by a 
combination of glacial, periglacial, paraglacial, and other geomorphic 
processes, producing a variety of landforms (e.g. Ruiz-Fernández et al., 
2019; Oliva and Ruiz-Fernández, 2020). 

Permafrost and seasonally thawed active layer are key elements of 
the cryosphere in Antarctic ice-free environments (Ugolini and Bock-
heim, 2008). The presence or absence of permafrost is of importance for 
geomorphological, soil, hydrological, and edaphic processes, and 
terrestrial ecosystem dynamics in Antarctica (e.g. Guglielmin et al., 
2014a). Therefore, the thickness of the active layer, or permafrost 
presence, are key descriptors of Antarctic terrestrial environments. As 
active layer thickness (ALT) and the distribution of permafrost are 
sensitive to climate variability, warming, as recorded for the Antarctic 
Peninsula over the second half of the 20th century (Turner et al., 2020), 
may lead to a deepening of the active layer and permafrost degradation 
that, in turn, triggers changes in soil thermal and hydrological regimes. 
Furthermore, shifts in temperature and moisture regimes affect the 
abundance of biota (e.g. Convey and Peck, 2019). Permafrost underlies 
most of the Antarctic continent. The vast majority comprises subglacial 
permafrost, in both non-cryotic and cryotic forms, below cold- and 
warm-based glaciers (e.g. Dawson et al., 2022). However, it is unclear 
whether permafrost is present below subglacial lakes (Dawson et al., 
2022), and the extent of submarine permafrost, which has been reported 
in some areas in Antarctica (e.g.; Guglielmin et al., 2014b) is also poorly 
understood. In ice-free terrain, permafrost is mostly continuous and 
absent only in coastal fringes of the western Antarctic Peninsula 
(Bockheim et al., 2013). 

Major progress in Antarctic active layer and permafrost research 
began during the International Polar Year in 2007/08, when more than 
50 new boreholes shallower than 2 m were drilled across the Antarctic 
continent (Vieira et al., 2010). Since then, the main research topics have 
aimed at characterizing the ground thermal regime and active layer 
thickness under the effect of different factors including; atmospheric 
temperature (e.g. Adlam et al., 2010; Lacelle et al., 2016), snow cover (e. 
g., Guglielmin et al., 2014b; de Pablo et al., 2017; Ramos et al., 2020; 
Farzamian et al., 2020; Hrbáček et al., 2021a), lithological conditions 
(Hrbáček et al., 2017a, 2017b), topography (Carshalton et al., 2022; 
Chaves et al., 2017; Ferreira et al., 2017;; Francelino et al., 2011; 
Goyanes et al., 2014; Oliva et al., 2017a; Vieira and Ramos, 2003) or 
vegetation (Michel et al., 2012; Vieira et al., 2014; Hrbáček et al., 2020a; 
Cannone et al., 2021). Insights into spatial variability of the active layer 
mostly come from the monitoring sites of the Circumpolar Active Layer 
Monitoring – South (CALM-S) programme (Brown et al., 2000; 
Guglielmin, 2006). Only a few CALM-S sites have been installed in 
Antarctica due to the hard ground surface conditions (i.e. mostly 
bedrock, frost-shattering deposits or stony tills) that prevent mechanical 
probing or other means of spatial measurement of ALT (Guglielmin, 
2006; Vieira et al., 2010; de Pablo et al., 2013, 2014, 2018; Guglielmin 
et al., 2014a; Ramos et al., 2017; Hrbáček et al., 2017a, 2021a, 2021b). 
Less attention has been given to the thermal state of the deeper 
permafrost layers. Due to logistical and technical constraints, only a few 
boreholes have been drilled to reach the depth of zero annual amplitude, 
typically 10–20 m (Biskaborn et al., 2019). 

The harsh climate, environmental conditions, and remoteness of 
Antarctica, and the technical and logistical difficulties, limit active layer 
and permafrost research. Thus publications are often fragmented 
covering short-time, or limited spatial scales. Therefore, we provide a 
synthesis of the literature on topics related to the active layer thermal 
regime, active layer thickness, and the permafrost thermal regime, over 
the last decade, across Antarctica. Particularly, we set three major ob-
jectives, which allow us to comprehensively describe the spatial- 
temporal patterns of the active layer and permafrost in Antarctica:  

1) Provide a synthesis of the main results describing active layer and 
permafrost thermal dynamics in Antarctica.  

2) Assess the spatial variability of the Antarctic active layer and 
permafrost thermal regime.  

3) Determine the role of the major parameters driving the thermal state 
of the active layer and permafrost. 

2. Methods 

2.1. Geographical analysis 

The area of interest of this review includes the Antarctic continent 
and the surrounding sub-Antarctic Islands. We defined four main regions 
and twelve sub-regions based on the geographical and climatic condi-
tions (Table 1). A description of each area is provided in the Results 
section. To determine the total area of each ice-free region, we followed 
Brooks et al. (2019) and used the combination of most recent data of 
automatically derived rock outcrops for Antarctica from Landsat-8 in 
high resolution and vector polygons of rock outcrops derived in the 
period 1960s to 2019 in high resolution (Antarctic Digital Database; 
Gerrish et al., 2020). The total extension of polygons of Antarctic ice-free 
area including South Orkneys is 52,720 km2. Note, that the selected 
resolution significantly affects the total extension. For example, the ice- 
free areas on medium resolution cover more than 70,000 km2 and was 
used for example by Terauds and Lee et al. (2016) or Lee et al. (2017). 

The lack of widespread monitoring sites across the continent deter-
mined slightly different regionalization to that used in other studies such 
as widely used Antarctic Conservation Biogeographic Regions (ACBRs) 
by Terauds and Lee (2016). Some of ACBRs were not included in this 
study due absence of data, except those modelled at continental scale by 
Obu et al. (2020). The reference MAAT for each region was derived from 
the READER database. 

2.2. Literature synthesis 

For each region (Table 1), we provided a synthesis of the scientific 
literature focusing on the active layer and permafrost thermal regime 
and/or thickness published since 2011 (Fig. 1). This year was selected as 
it follows the first synthesis by Vieira et al. (2010) who summarized the 
progress of active layer and permafrost research during the International 
Polar Year (2007–2008), including data from previous years. The 
particular datasets are then analysed for the period from 2006 which 
serves as a starting point for multiple measurements or experiments 
including most of the CALM-S sites (Hrbáček et al., 2021b) and, there-
fore, represents an important milestone for active layer and permafrost 
research in Antarctica. 

Our aim was to extract the following parameters provided in the 
literature:  

- Study period, number of monitoring sites, and depth of installations  
- Mean annual air temperature (MAAT) 
- Mean annual near-surface ground temperature (MAGT; depths var-

ied between 2 and 10 cm)  
- Mean annual temperature on the top of the permafrost table (MAPT). 

Particular depths are variable for every locality. 



- Active layer thickness (ALT) defined as a maximum annual depth of 
the interpolated 0 ◦C isotherm  

- Mean value of mechanically measured active layer thickness on 
CALM-S sites  

- The annual sum of near-surface freezing (FDD) and thawing (TDD) 
degree day indices  

- Freezing and thawing n-factors calculated as a ratio between air and 
near-surface degree days 

These parameters are widely used in permafrost research in Arctic, 
Antarctic and Alpine environments and are described in detail in the 
Glossary of Permafrost and Related Ground-Ice Terms (Harris et al., 
1988). 

We summarized the results in Tables 1 to 8, and datasets providing 
MAGT, MAPT and ALT for at least 3 consecutive years were displayed as 

plots. Data variability within each Antarctic region was also evaluated. 
Finally, using available datasets, we estimated the trend of MAGT for the 
South Shetlands, Eastern Antarctic Peninsula, East Antarctica and Vic-
toria Land. As the data miss the full temporal overlap, we set year 2011 
when the highest data overlay was available as the baseline year for 
calculation of temperature anomalies. It allows a regional comparison of 
annual temperature change from sites with heterogeneous climate 
conditions. The temporal variability of ALT datasets long at least 7 years 
were then analysed individually for each of the study sites. The resulting 
trends were investigated using Mann-Kendal statistics with Sen’s slope 
to estimate the trends in the MAKESENS application (Salmi et al., 2002). 

Table 1 
Overview of study areas.  

Region Sub-region Ice-free area (km2) ACBR1 MAAT2 (◦C) Reference station 

Antarctic Peninsula South Shetlands 572 3 − 2.1 Bellingshausen 
Western AP 9000 3,4,15 − 2.7 Faraday 
Eastern AP 1 − 8.0 Marambio 

West Antarctica Ellsworth Mountains 2140 11 n/a n/a  
Other regions 776 12 − 12.4* Russkaya 

East Antarctica Queen Maud Land 4485 6 − 10.1 Novolazarevskaya 
other regions 9100 5, 7 − 11.1 Mawson 

Victoria Land and Transantarctic Mountains McMurdo Dry Valleys  9 − 15.8 McMurdo 
North Victoria Land 
Transantarctic Mountains 

26,480 8 

Sub-Antarctic Islands South Orkneys 167 2 − 3.1 Orcadas 
Other Islands n/a n/a 0–9 Marion Island  

1 Antarctic Conservation Biogeographic Regions defined by Terauds and Lee (2016). 
2 Mean Annual Air Temperature *1980–1990. 

Fig. 1. The spatial distribution, and the number, of studies focused on active layer, or permafrost, thermal regime conducted in Antarctica since 2011.  



Table 2 
Selected characteristics of the sites in the South Shetland Island region.  

Area Study site Study period Profiles Profile 
Depth 
(cm) 

MAAT1 

(◦C) 
MASGT2 

(◦C) 
MAPT3 

(◦C) 
ALT 
(cm) 

TDD 
(◦C⋅day) 

FDD 
(◦C⋅day) 

thawing n- 
factor 

freezing n- 
factor 

Reference 

King George 
Island 

Fildes Peninsula (Brazilian 
sites) 

2008–2012 1 85 − 2 − 1.2 (− 0.3 
to − 1.7) 

− 1.1 89 to 
102.5 

ca 200 to 
250 

− 527 to 
− 819   

Michel et al., 2012, 2014  

Fildes Peninsula 
(Bellingshausen) 

2008–2016 1 500 − 2.3 − 0.6 − 0.7 60* / 
300     

Obu et al., 2020; Osokin 
et al., 2020, Hrbáček et al., 
2021a, 2021b  

Lion Rumps 4/2009–1/ 
2011 

2 80 − 3 − 0.9 to 
− 1.9 

− 0.9 to 
− 1.8 

120 to 
147    

ca 0.4 to 1 Almeida et al., 2014  

Low Head 3/2011–12/ 
2015 

1 100 − 3.1 − 1.5 − 1.5 98 to 
106 

282 to 
438 

− 715 to 
− 1061   

Almeida et al., 2017  

Potter Peninsula 2/2008–1/ 
2009 

1 90  − 0.9 − 0.9 92 281 − 532   Michel et al., 2012  

Keller Peninsula 2011–2014 2 80 − 2.9 to 
− 4.8 

− 1.7 to 
− 2.8       

Chaves et al., 2017  

Keller Peninsula 12/10–1/11 5 30    45 to 70     Lee et al., 2016 
Livingston 

Island 
Limnopolar Lake 2009–2018 1 130 − 1.7 to 

− 3.2 
− 0.3 to 
− 1.4  

50*/150 36 to 290 − 261 to 
− 664   

de Pablo et al., 2013, 2014, 
2016, 2018  

Domo, Escondido and Cerro 
Negro Lakes 

2/2014–1/ 
2015 

3 80 − 2.6 to 
− 2.7 

− 0.7 to 
− 1.3  

85 to 
115 

76 to 134 − 311 to 
− 577 

– 0.11 to 
0.64 

Hrbáček et al., 2016a, Oliva 
et al., 2017a, 2017b  

Rotsch Glacier Transect 2/2017–2/ 
2019 

10 40 − 2.1 0 to − 1.3  102 183 to 
321 

− 241 to 
− 682 

1.5 to 2.63 0.27 to 
0.76 

Hrbáček et al., 2020b   

1/2015 1 (5) 40    90 to 
150     

Correia et al., 2017  

Mount Reina Sofia (PG1, 
PG2) 

2008–2015 2 110; 25 m − 2.9 to 
− 6.5   

20 to 
500     

Correia et al., 2012; Ramos 
et al., 2020  

Hurd Peninsula (PAP, 
CALM, SH, CR, MET, INC, 
NI) 

2007; 2009 7 400 to 800  − 0.8 to 
− 1.8  

100 to 
>600 

145 to 
318 

− 294 to 
− 1042 

0.76 to 
10.95 

0.43 to 
0.80 

Ferreira et al., 2017 

Deception 
Island 

Port Foster 2011 2 80 − 2.6 0 to − 1       Goyanes et al., 2014  

Crater Lake CALM-S 2006–2014 1 100 to 450 − 3 − 1.7  23–36 1     Ramos et al., 2017 
Other areas Coppermine Peninsula 

(Robert Island) 
2014–2016 2   ca − 1.5 to 

− 2   
ca 10 to 
70 

ca − 500 to 
− 700   

Thomazini et al., 2020  

1 Mean annual air temperature. 
2 Mean annual near-surface ground temperature. 
3 Mean annual temperature of the permafrost table. 
* Probing measurement. 



3. Results 

3.1. Antarctic Peninsula region 

The Antarctic Peninsula region (AP) forms the northernmost tip of 
the Antarctica continent. The region, including the neighbouring sub- 
Antarctic islands (SAI), is located south of South America, between 
latitude 60◦S and 75 and longitude 44◦W to 75◦W. The AP region, 
including the SAI, exceeds 540,000 km2, of which only ca. 9500 km2 

constitute ice-free terrain (Table 1). Considering the geographical di-
versity of the AP, we set three major sub-regions – South Shetland 
Islands (SSI) Western Antarctic Peninsula (Western AP), and Eastern 
Antarctic Peninsula (Eastern AP). 

3.1.1. South Shetland Islands 
The SSI constitute an archipelago extending over 3687 km2 in the 

NW sector of the Antarctic Peninsula. Located at latitudes 61–63◦S and 
longitudes 54–62◦W, the SSI run SSW-NNE, parallel to the Antarctic 
Peninsula, at a distance of 100–120 km. The SSI archipelago is located in 
a tectonically active zone with several active volcanoes (e.g. Penguin 
and Deception islands). 

During the last glacial cycle, a large ice cap extended from the Ant-
arctic Peninsula and covered the SSI. Post-Last Glacial Maximum 
warming favoured the shrinking of the ice sheet, and from ~15 to 10 ka 
a single ice cap, disconnected from the continent, covered the SSI ar-
chipelago (Ó Cofaigh et al., 2014). Subsequently, as temperatures 
increased, at the onset of the Holocene, glacial masses were limited to 
the respective islands. Holocene glacial shrinking has exposed the land 
surface on the margins of some of the islands (Oliva et al., 2019), which 
are still heavily glaciated (between 85 and 100% of the total island 
surface covered by ice). 

The SSI record the highest mean annual air temperatures of 
Antarctica, with values of ~ − 2 ◦C at sea level (e.g. Turner et al., 2020) 
and an annual precipitation between 500 and 800 mm (Bañón et al., 
2013). Snow cover generally persists on the ground for 8–9 months per 
year. The archipelago is composed of Late Palaeozoic to Quaternary 
sedimentary, metamorphic, plutonic and volcanic rocks (López-Martí-
nez et al., 2016). The scarce ice-free areas in the SSI archipelago are 
affected by active periglacial dynamics, with intense frost weathering 
(Simas et al., 2008; López-Martínez et al., 2012). Vegetation cover is 
scarce and mostly composed of mosses and grasses along the Holocene 
marine terraces with abundant lichens on relatively flat areas near lakes 
and ponds (Ruiz-Fernández et al., 2017). 

3.1.1.1. King George Island. King George Island is the largest island in 
the SSI archipelago with an area of 1124 km2. The ice-free surfaces 
occupy ca. 190 km2 of the island, mainly concentrated in several pen-
insulas, including; Fildes (30 km2), Keller (10 km2) and Barton 

peninsulas (10 km2). The deglaciation of Maxwell Bay (south of Fildes 
Peninsula) began between 17 and 14 ka cal BP and was fastest between 7 
and 6 ka (Yoon et al., 1997; Simms et al., 2011; Oliva et al., 2023). The 
deglaciation of the smaller peninsulas began around 8 ka cal BP- (Barton 
Peninsula; Oliva et al., 2019). The topography of the ice-free areas is 
dominated by volcanic outcrops reaching ca. 120 to 150 m a.s.l. sur-
rounded by a relatively flat area. The current MAAT on King George 
Islands is around − 2.1 ◦C (Tables 1, 2), with a recent warming rate of 
0.13 ◦C/decade over the period 1968–2015 (Oliva et al., 2017b). The 
annual precipitation is around 500–1000 mm, with prevailing winter 
snowfall and rainfall during the summer season (van Wessem et al., 
2016). The vegetation forms relatively large patches of mosses or lichens 
in poorly drained areas. Two vascular plant species also occur in lower 
altitude areas (e.g. Cannone et al., 2016). 

Although King George Island includes the greatest number of human 
infrastructures in Antarctica, research on active layer and permafrost 
dynamics is incipient and has mainly focused on soil biogeochemical 
conditions (e.g. Bockheim, 2015; Boy et al., 2016; Prater et al., 2021). 
The only known long-term monitoring study of active layer and 
permafrost temperatures, including the only CALM-S grid, has operated 
near Bellingshausen station since 2006 (Vieira et al., 2010; Osokin et al., 
2020; Hrbáček et al., 2021b). Data from other parts of the King George 
Islands are fragmented with several studies describing the short-term 
variability of the active layer thermal regime and ALT on several pen-
insulas in the southern part of the island. 

The MAGT near Bellingshausen Station, which has the longest record 
on Fildes Peninsula (2006–2015), was − 0.6 ◦C (Hrbáček et al., 2021b). 
The thaw depth varied between 75 and 115 cm (Osokin et al., 2020), and 
the ALT commonly exceeded 300 cm in bedrock conditions (Hrbáček 
et al., 2021b). Michel et al. (2012, 2014) reported that ALT, on soils 
covered by vegetation, ranged between 89 and 102 cm (Fig. 2) and the 
TDD were between 200 and 400 ◦C⋅day, whereas FDD ranged from − 527 
to − 819 ◦C⋅day (Table 2). The MAPT is around − 1.5 ◦C. 

Data from the Barton and Potter peninsulas are restricted to a short- 
term monitoring of active layer thermal regime and ALT. The ALT in the 
vicinity of King Sejong station, near to sea level on Barton Peninsula, 
varied between 41 and 70 cm in the summer of 2011 (Lee et al., 2016). 
One year of monitoring on Potter Peninsula showed MAGT of − 0.7 ◦C 
and an ALT of 92 cm in summer 2008 (Michel et al., 2012). 

Chaves et al. (2017) reported that the thermal regime of patterned- 
ground soils on the Keller Peninsula varied across the patterned 
ground features. The stony garlands along the edge of the striations had 
more rock fragments and were more susceptible to energy variations at 
the surface, resulting in faster thawing/freezing, with a thicker active 
layer, than the moss-covered polygon centre. Yet, the mean daily soil 
temperature was − 2.1 ◦C, both at the border and between the polygon 
centre. The ALT of the patterned-ground soil was 75 cm at the polygon 
border, and 64 cm at the center, where temperatures remained below 

Table 3 
Selected characteristics of sites in the Western Antarctic Peninsula region.  

Area Study 
site 

Study 
period 

Profiles Profile 
Depth 
(cm) 

MAAT1 

(◦C) 
MASGT2 

(◦C) 
MAPT3 

(◦C) 
ALT 
(cm) 

TDD 
(◦C⋅day) 

FDD 
(◦C⋅day) 

thawing 
n-factor 

freezing 
n-factor 

Reference 

Western 
AP 

Amesler 
Island  

8 160 to 
1400   

− 0.7 to 
− 1.9 

ca 1 
to 
17* 

186 to 
307    

Wilhelm et al., 
2015; Wilhelm 
and Bockheim, 
2016, 2017; Uxa, 
2016  

Rothera 2/ 
2009–2/ 
2012 

3 30 m − 3 − 2.7 to 
− 4.6 

− 1.5 to 
− 4.8 

65 to 
140 
cm 

186 to 
618 

− 1143 
to 
− 1731   

Guglielmin et al., 
2014b  

Cierva 
Cove  

1 160         Wilhelm and 
Bockheim, 2017  

1 Mean annual air temperature. 
2 Mean annual near-surface ground temperature. 
3 Mean annual temperature of the permafrost table. 
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áč
ek

 e
t a

l.,
 2

01
7b

, 2
01

9 
 

A
be

rn
et

hy
 F

la
ts

 
20

06
–2

01
5;

 
20

17
 

1 
75

 

−
7.

3 
(−

5.
1 

to
 

−
8.

1)
 

−
6.

1 
(−

3.
8 

to
 −

8.
2)

 
−

6.
3 

to
 

−
7.

4 
38

 to
 

68
 

37
0 

(3
86

 
to

 4
32

) 

−
25

86
 

(−
17

45
 to

 
−

31
16

) 
2.

35
 (

1.
59

 
to

 3
.2

1)
 

0.
93

 (
0.

71
 

to
 1

.0
3)

 

H
rb

áč
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áč

ek
 a

nd
 U

xa
, 2

02
0,

 K
ňa
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áč
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0 ◦C at 80 cm depth (Fig. 2). 
The Krakow Peninsula contains several small ice-free areas. Short- 

term active layer monitoring results were reported from Lions Rump 
(Almeida et al., 2014), whereas five-year results are available from a 
nearby site at Low Head (Almeida et al., 2017). Both areas are located in 
the eastern part of the Krakow Peninsula. At Lions Rump there was no 
gradient of MAGT between the surface and the top of the permafrost 
table. Depending on the site conditions, observed mean annual tem-
peratures varied between − 0.9 ◦C (moss-covered site) and − 2.0 ◦C 
(lichen-covered site) in 2009/2010, with a relatively thick active layer 
of about 120–150 cm (Almeida et al., 2014). A similar thermal regime 
pattern was observed in Low Head. The MAGT did not show any depth 
gradient and was − 1.5 ◦C at both 1 and 100 cm depths (Fig. 2). The 
annual sum of TDD ranged between 280 and 440 ◦C⋅day, whereas the 
FDD were − 700 to − 1100 ◦C⋅day at a depth of 1 cm. The ALT was 
between 98 and 106 cm (Table 2). 

Overall, the ground thermal regime on King George Island over 
recent years correlates well with the evolution of air temperatures on the 
island (e.g. Michel et al., 2014; Almeida et al., 2017). The role of the 
factors such as vegetation, snow cover, or lithological variability has not 
yet been studied in detail. Although the area is considered to be in 
bordering conditions for continuous permafrost conditions (Bockheim 
et al., 2013), there are currently no reports suggesting the absence of 
permafrost at specific sites on King George Island. Indeed, modelled 
temperatures at the top of the permafrost, using Cryogrid 1 model, of 
less than 0 ◦C suggest continuous permafrost conditions on the entire 
island (Obu et al., 2020). 

3.1.1.2. Livingston Island. Livingston is an elongated island running 
west-east for approximately 72 km along the 62◦35′ S parallel. Living-
ston Island has an irregular coastline, with several peninsulas and with 
the relief passing from the low-lying platform of Byers Peninsula, in the 
west, to the very rugged Friesland mountains that rise up to 1700 m in 
the eastern limit of the island. Byers is the largest ice-free area of the SSI, 
while Hurd Peninsula, closer to the Friesland range also has several ice- 
free areas. Elsewhere, ice-free terrains occur in small peninsulas around 
the island (e.g. Elephant Point, Hannah Point, Cape Shirreff and Barnard 
Point), or in small nunataks. Livingston Island is glaciated in over 90% 
(Recondo et al., 2022) of its area and dominated in the west by the Rotch 
Dome, and in the east by the glaciated peaks of the Frieslands, with small 
steep valley glaciers flowing directly into the sea. 

3.1.1.3. Byers Peninsula. Byers Peninsula is 9 to 18 km long (84.7 km2) 
and formed after the last deglaciation in the Holocene (e.g., Oliva et al., 
2016), starting about 5000–4000 years BP (Björck et al., 1996). Byers 
Peninsula is of high geomorphological, periglacial, and ecological in-
terest and has been specially protected by the Antarctic Treaty since 
1966 (Quesada et al., 2009), allowing a wide variety of research activ-
ities (Benayas et al., 2013), including active layer permafrost research. 
The climate of Byres Peninsula is classified as wet oceanic with MAAT 
around − 2.8 ◦C. Temperatures range between − 25 ◦C in winter and +
10 ◦C in summer (e.g; Bañón et al., 2013), and annual precipitation, 
mainly as snow, is about 500–800 mm, with snow persisting on the 
ground surface between 8 and 9 months per year (Bañón et al., 2013; 
Navarro et al., 2013). 

The central spine of the Byers Peninsula is characterized by a smooth, 
slightly wavy, platform, of about 70–100 m in elevation, with shallow 
basins, where lakes and ponds are located, and low mounds (Thomson 
and López-Martínez, 1996). A few small hills (up to 140 m a.s.l.) of 
eroded volcanic edifices protrude from the platform, which is charac-
terized by Jurassic and Early Cretaceous sediments and volcanic and 
volcanoclastic materials (e.g., Smellie et al., 1980, 1984; López-Martí-
nez et al., 2012; Hathway and Lomas, 1998). The coast is marked by 
wide present-day beaches, with 7 levels of terraces that formed during 
Holocene deglaciation (Oliva et al., 2016). The soils of Byers Peninsula 
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áč
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Table 7 
Selected characteristics of the sites in Victoria Land region.  

Area Study site Study period Profiles Profile 
Depth 
(cm) 

MAAT1 

(◦C) 
MASGT2 

(◦C) 
MAPT3 

(◦C) 
ALT 
(cm) 

TDD 
(◦C⋅day) 

FDD 
(◦C⋅day) 

thawing 
n-factor 

freezing 
n-factor 

Reference 

Dry Valleys Granite Harbour 2003–2018 1 90 − 16 
(− 14.8 to 
− 17.8) 

− 14 
(− 13.1 to 
− 16.3) 

− 14 
(− 12.9 to 
− 14.5) 

89 cm (82 to 
>90 cm)     

Adlam et al., 2010; Seybold 
et al., 2010; Hrbáček et al., 
2021a, 2021b; Carshalton 
et al., 2022  

Marble Point 1999–2018 1 120 − 18 
(− 16.0 to 
− 18.7) 

− 17  49 cm     Adlam et al., 2010; Seybold 
et al., 2010; Guglielmin et al., 
2011; Hrbáček et al., 2021a, 
2021b; Carshalton et al., 2022  

Minna Bluff 2003–2018 1 107 − 16 − 17  23 cm     Adlam et al., 2010; Seybold 
et al., 2010; Hrbáček et al., 
2021a, 2021b; Carshalton 
et al., 2022  

Mt Fleming 2002–2018 1 60 − 23 − 24  7 cm     Adlam et al., 2010; Seybold 
et al., 2010; Hrbáček et al., 
2021a, 2021b; Carshalton 
et al., 2022  

Bull Pass East (Wright 
Valley – North) 

2012–2018 1 120 – –       Adlam et al., 2010; Seybold 
et al., 2010; Hrbáček et al., 
2021a, 2021b; Carshalton 
et al., 2022  

Wright Valley – South 
wall 

2011–2018 1 120 − 17 − 17       Adlam et al., 2010; Seybold 
et al., 2010; Hrbáček et al., 
2021a, 2021b; Carshalton 
et al., 2022  

Wright Valley (floor) 1999–2018 1 120 − 19 − 19  49 cm     Adlam et al., 2010; Seybold 
et al., 2010; Guglielmin et al., 
2011; Hrbáček et al., 2021a, 
2021b; Carshalton et al., 2022  

Scott Base 1999–2018 1 120 − 17 − 16       Adlam et al., 2010; Seybold 
et al., 2010; Hrbáček et al., 
2021a, 2021b; Carshalton 
et al., 2022  

Victoria Valley 1999–2018 1 120 − 23 − 23       Adlam et al., 2010; Seybold 
et al., 2010; Hrbáček et al., 
2021a, 2021b; Carshalton 
et al., 2022  

Beacon Valley 2001–2012 1  − 21.6 + −

0.7 
− 21.4 + −

0.8       
Lacelle et al., 2016; Liu et al., 
2018  

University Valley 2015–2016 1   ca. -23 ◦C       Lacelle et al., 2016  
Wormherder Creek 
wetland 

2010–2012 1  − 23.4 ±
8.3 ◦C 

− 26 ±
10.6 ◦C 
(2010)       

Fisher et al., 2016  

Taylor Valley  1  − 18 
(Doran 
et al. 
2002)   

~10–60 cm ( 
Bockheim 
et al., 2007)     

Levy et al., 2011 

Northern 
Victoria 
Land 

Boulder Clay 1997–2012 1  − 13.8 
(− 12.7 to 
− 15.3) 

− 16.1 
(− 14.6 to 
− 18.4)  

24.5 (6 to 30 
cm)     

Guglielmin et al., 2012;  
Cannone et al., 2021  

Prior Island, Boulder 
Clay MZS, Edmonson 
Point, Apostrophe 
Island 

2000 (2002) 
- 2013 

4  − 12.5 to 
− 15.3 

− 0.3 to 7.8  2 to 18 cm 
(max 23 to 92 
cm) 

39 to 
370.1    

Guglielmin et al., 2014a, 
2014b  

Edmonson Point 2015–2016 1 (3)  − 16.4 to 
− 16.6 

− 13.5 to 
− 15.8  

23 to 40 cm 110.8 to 
702.6 
(GT) 

− 5164.5 to 
− 5940.2 
(GT) 

10.83 to 
52.23 

0.92 to 
0.99 

Hrbáček et al., 2020a  

1 Mean annual air temperature. 
2 Mean annual near-surface ground temperature. 
3 Mean annual temperature of the permafrost table. 



are coarse-grained with a sandy silty matrix (Navas et al., 2008; Moura 
et al., 2012). The vegetation, classified as open tundra, is scarce and 
consists of patches of mosses and lichens, as well as the only two 
autochthonous vascular plants in Antarctica, Deschampsia antarctica and 
Colobanthus quitensis (e.g.; Serrano, 2003; Vera, 2011). 

Prior to the IPY (2007/08) research on permafrost and frozen ground 
in Byers Peninsula consisted of geomorphological mapping revealing a 
wide variety of periglacial landforms associated with the presence of 
continuous permafrost, an active layer, and freeze-thaw processes 
(Serrano et al., 1996; López-Martínez et al., 1996, López-Martínez et al., 
2012). Permafrost was also detected in the coastal Holocene terraces 
(Serrano et al., 1996, 2003), confirming its major role in groundwater 
dynamics (Cuchi et al., 2004). 

In 2009, during the IPY, a TSP (Thermal State of Permafrost) and a 
CALM site (Limnopolar Lake CALM site A-25) were established at the 
Limnopolar Lake watershed for continuous temperature monitoring of 
the active layer and ALT measurement by mechanical probing within 
100 × 100 grid (de Pablo et al., 2013, 2014, 2016, 2017, 2018, 2020). 
The TSP station consists of two shallow boreholes (80 and 130 cm deep) 
and includes devices to measure air and ground surface temperatures, as 
well as a snow pole to derive snow cover (de Pablo et al., 2016). Other 
sites for ground temperature measurements in Byers Peninsula do not 
provide continuous data as they were installed for the purpose of short- 
term monitoring. Three shallow boreholes (80 cm) are located near to 
lakes Domo, Escondido and Cerro Negro (Hrbáček et al., 2016a; Oliva 
et al., 2017a), and 9 shallow measurement pits (10 cm) were installed in 
a transect from Rotch Dome towards the sea (Hrbáček et al., 2020b). 

Existing shallow TSP boreholes in Limnopolar Lake do not reach the 
permafrost table but only the active layer. Permafrost was calculated to 
exist at less than 1.5 m deep based on the ground temperatures at the 
boreholes (de Pablo et al., 2013, 2014). The temperature, estimated for 
10 shallow boreholes along a transect from Roch Dome Glacier, at the 
top of the permafrost ranged between − 0.7 ◦C and − 1.2 ◦C (Hrbáček 
et al., 2020b). The measured surface offset was 1.7 ◦C, revealing the 
presence of a surficial isolator. In the absence of vegetation, snow/ice is 
the unique possible insulation source. The presence of a zero curtain 
period, in the thermal signal measured at the ground surface, suggests 
that an ice layer formed at the base of the snow cover, during the melt 
period. The zero-curtain period had high interannual variability; from 
30 to 90 days (de Pablo et al., 2014). Based on the ground temperatures, 
the annual ground thermal regime could be divided into thaw and freeze 
seasons (de Pablo et al., 2014). Thawing seasons ranged from 60 to 90 
days while freezing periods extended from 270 to 300 days (de Pablo 
et al., 2014). Mean GST varied by about − 1 ◦C with thermal amplitudes 
of about 15 ◦C (de Pablo et al., 2014). 

The thaw depth measured at the CALM site decreased between 2009 
and 2015, increasing again in 2016 (de Pablo et al., 2018), related to an 
increase in snow depth in that period (de Pablo et al., 2016, 2018, 2020). 
The thaw depths represent the mean value from the CALM-S site 
measured, usually, in early February. Therefore, the mean thaw depth 
was lower than the maximum ALTs, which reached about 150 cm (Fig. 2, 
Table 2). The difference is due to the measuring date in early February, 
established by logistic constraints, which is earlier than the timing of 
maximum thaw that usually occurs during March in this region (de 
Pablo et al., 2014). The ALTs at the other sites on Byers Peninsula were 
estimated to be ca. 85 to 115 cm (Oliva et al., 2017a; Hrbáček et al., 
2020a). 

Reported reduction in the freezing n-factor is likely to be due to 
increasing insulation of the ground surface from atmospheric conditions 
(de Pablo et al., 2017) due to snow cover. However, a reported reduction 
in snow-free days (2009 and 2015 period), limited the period in which 
the ground could have /thawed during the summer, or freeze during the 
early freeze season (de Pablo et al., 2017), reducing ground surface FDD 
from − 670 ◦C day in 2011 to − 230 ◦C day in 2013 (Table 2). Meanwhile 
air FDD where quite stable at about − 1000 ◦C day (de Pablo et al., 2017, 
2018). Although snow cover seems to play an important role due to Ta
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differential snow accumulation on the wavy relief of the peninsula 
central plateau (de Pablo et al., 2017), other factors such as the 
groundwater flow (Cuchi et al., 2004; de Pablo et al., 2013, 2014, 2018), 
and lithological conditions (e.g., Serrano et al., 1996; López-Martínez 
et al., 1996 have not yet been studied in this ice-free area, the largest of 
the SSI. 

3.1.1.4. Hurd Peninsula. Hurd Peninsula is a small, rugged, elongated 
area, ca. 8 km long and 1 to 4 km wide that divides South Bay from False 
Bay on the southern coast of Livingston Island. Most of the peninsula is 
glaciated, with the Hurd Peninsula ice cap that drains through several 
small lobes, and with several small ice-free areas that run from sea-level 
to 407 m a.s.l. at Moores Peak. The bedrock is mainly composed of the 
Myers Bluff Formation, a turbidite sequence with alternating layers of 
low-grade metamorphism, claystone, and fine sandstone, with a diorite 
batholite in the northern sector (Pimpirev et al., 2006). Mean annual air 
temperatures in Hurd Peninsula are about − 1.2 ◦C at sea level (Bañon 
and Vasallo, 2015), and − 4.2 ◦C at 275 m in Reina Sofia Peak (Ferreira 
et al., 2017). 

Active layer and permafrost monitoring commenced in Hurd 
Peninsula in the 1990’s near the Spanish Station Juan Carlos I. In 2000 
two shallow (70 cm) boreholes were installed with continuous temper-
ature monitoring. During the IPY 2007–08, two deep boreholes (15 and 
25 m) were drilled in the Reina Sofia Peak area (Ramos and Vieira, 
2009) and three new boreholes, ranging from 4 to 8 m deep, were 
installed across an altitudinal gradient near the Bulgarian Station St 
Kliment Ohridski (Vieira et al., 2010; Ferreira et al., 2017). 

Permafrost in Hurd Peninsula is absent at low elevations, except in 
ice-cored moraines or rock-glaciers (Hauck et al., 2007). However, 
boreholes drilled in bedrock had a thick active layer (> 5 m), and sug-
gest that the boundary of the continuous permafrost zone may be located 
above ca. 150 m a.s.l. (Ferreira et al., 2017). The shallow boreholes 
drilled in diamicton, below 150 m a.s.l., did not have permafrost, which 
suggests that there is a narrow belt of discontinuous permafrost between 
sea-level and ca. 150 m a.s.l. 

The permafrost temperature at 25 m depth in the Permamodel- 
Gulbenkian 1 borehole varied between − 2.0 and − 1.7 ◦C from 2009 
to 2015, with no clear trend (Biskaborn et al., 2019). The active layer at 
Reina Sofia Peak, in a diamicton, was ca. 76 cm in 2009 and only 26 cm 
in 2015. At Reina Sofia, in 2008 and 2009 FDD ranged from − 1042 to 
− 811 ◦C⋅day and the TDD ranged from 49 and 145 ◦C.days (Ferreira 
et al., 2017). The N-Factor ranged from 0.53 to 0.57 in those same years. 
Papagal, located at 152 m a.s.l., had 214 TDD ◦C⋅day and − 783 FDD 
◦C⋅day in 2009, with a higher freezing n-factor than Reina Sofia (0.7) 
(Ferreira et al., 2017, Table 2). The snow cover, mainly controlled by 
topography, rather than elevation, was considered the main controlling 
factor on the ground thermal regime (Ferreira et al., 2017). Recently, 
Ramos et al. (2020) have shown that the increase in snow cover thick-
ness between 2009 and 2015 at the borehole Permamodel-Gulbenkian- 
2, led to the full disappearance of the active layer and to the aggradation 
of permafrost. However, wind-exposed boreholes in bedrock at Hurd 
Peninsula at Papagal and CALM Ohridski had an ALT exceeding 5 m, 
(Ferreira et al., 2017). Like other boreholes in the Antarctic Peninsula 
region, there was a general decrease in active layer thickness from 2009 
to 2015 that was associated with a longer occurrence of snow 

Fig. 2. The variability of mean annual near-surface ground temperature (MAGT), mean annual temperature, the permafrost table (MAPT), and active layer thickness 
(ALT) in selected sites of the South Shetland Islands and Western Antarctic Peninsula. Dashed line in the lowest figure indicate ALTs measured by mechanical 
probing. The data were extracted from studies by 1Ramos et al., 2017; 2de Pablo et al., 2014, 2018; 3Hrbáček et al., 2021b; 4Michel et al., 2014; 5Almeida et al., 2017; 
6Chaves et al., 2017; 7Guglielmin et al., 2014a, 2014b; 8READER database, 9CALM database. Black triangles indicate the position of other study sites in the region. 



persistence in the summer season after 2009 (Oliva et al., 2017a, de 
Pablo et al., 2020, Ramos et al., 2020). 

3.1.1.5. Deception Island. Deception Island is a composite volcano with 
a well-defined main cone ca. 14 km in diameter in its subaerial part and 
a collapse caldera of ca. 8.5 × 10 km, which is open to the sea in a 500 m 
breach in the SE coast. The main crater rim rises to 539 m a.s.l.at Mount 
Pond, with most of the rim more than 250 m a.s.l. Several glaciers are 
present along the rim, with the ones on the eastern side of the island 
flowing down to the sea-level, either to the caldera or to the outer coast. 
The glacier-free area is dominated by lava flows, interbedded with ash 
and pyroclastic deposits, both from the pre and post-caldera stages 
(López-Martínez and Serrano, 2002). The inner part of the rim has been 
affected by several volcanic eruptions, including recent ones in 1967, 
1969, and 1970 (Ortiz et al., 1997). The eruptions generated large 
volumes of lapilli and ash that cover large areas of the island, some 
burying glaciers and snow patches. The island’s substrate is poorly 
consolidated and, under the effects of the Maritime Antarctic climate, 
with high snow accumulation and summer temperatures favouring 
snowmelt and rain events, is prone to water erosion. Vegetation cover 
only occurs in small, localized, patches, and the lack thereof exposes the 
islands’ soils to severe wind erosion, generating lag surfaces mainly on 
ridges and convex surfaces (Vieira et al., 2008). Several localities of 
Deception Island have high geothermal anomalies, with ground tem-
peratures of up to about 90 ◦C (e.g. Cierro Caliente) and fumaroles or 
geothermally heated caldera waters occur at several sites. Goyanes et al. 
(2014) have shown that geothermal anomalies may have a local effect, 
for example; in the alluvial fan close to the Argentinean station, over 
about 100 m laterally, ground temperatures pass from a stable +10 ◦C all 
year-round, to permafrost. 

Most of Deception Island shows the presence of permafrost, except at 
the beaches, where the influence of sea-water plays a role in warming 
the terrain. Permafrost and active layer monitoring was initiated in the 
1990’s with the installation of active layer sensors at various sites, with 
research focussing on the energy exchange between the soil and the 
atmosphere (Ramos and Aguirre-Puente, 1994). The initial activities did 
not include continuous monitoring, as observations were focussed on 
characterizing the freezing and/or thawing seasons. However, moni-
toring was conducted at Cerro JB in the vicinity of the Spanish Station 
Gabriel de Castilla and in Cerro Caliente (Ramos et al., 2007). 

In 2006 a CALM-S site was installed on a small plateau in the western 
rim of Crater Lake (Hauck et al., 2007; Ramos et al., 2010). Continuous 
monitoring includes a CALM-S grid, 3 permafrost boreholes, a snow- 
meteorological station (de Pablo et al., 2016), several shallow bore-
holes, and an automatic electrical resistivity tomography monitoring 
system (Farzamian et al., 2020). In 2009 the Irizar CALM-S site was 
established at the crater rim close to Vapour Col in order to obtain data 
from a wind-exposed site, since Crater Lake is sheltered from the west- 
winds. Crater Lake comprises a soil characterized by a thick lapilli 
cover, which generates high insulation, and thus a shallow active layer. 
Irizar has a lag-surface with a more permeable soil, which results in a 
thicker active layer. Both CALM-S grids have continuous monitoring of 
active layer and permafrost temperature, and are probed once per year, 
generally in early February, for active layer thickness in 100 × 100 m 
grids. Shallow boreholes located outside the two CALM-S grids were 
installed at the Chilean Refuge in 2010, close to the Argentinean Station 
in 2011, and at Fumarole Bay in 2012. 

The mean annual air temperature at Crater Lake from January 2009 
to January 2014 was − 3.0 ◦C. At the Crater Lake CALM-S site, perma-
frost occurs beneath a shallow active layer of 25 to 40 cm (Fig. 2) and is 
from 2.5 to 5 m thick, with temperatures from − 0.3 to − 0.9 ◦C (Vieira 
et al., 2008; Ramos et al., 2017; de Pablo et al., 2020). Crater Lake had a 
decreasing thaw depth from 2006 to 2014 following several years of 
longer lasting snow cover (Ramos et al., 2017), with de Pablo et al. 
(2020) reporting that the decline continued until 2016. The studies 

indicate that snow cover plays a major role in the shallowing of the 
active layer and that it may even decouple ground cooling from the 
slight atmospheric warming (de Pablo et al., 2020). 

The Irizar CALM-S site is located in a wind-exposed setting and 
recorded a MAAT from − 2.0 to − 3.9 ◦C with an active layer, varying 
from 40 to ca. 100 cm. The thicker active layer atIrizar may be a result of 
the lack of the lapilli cover that insulates the ground at Crater Lake. 

3.1.1.6. Other areas. Beyond the monitoring on King George Island, 
Livingston Island, and Deception Island, little information on active 
layer or permafrost is available in the region. Bockheim et al. (2013) 
mention the ALT on Half Moon Island (10–50 cm) and Elephant Island 
(15–110 cm). Thomazini et al. (2020) provided 2-years of MAGT data 
from Copermine Peninsula (Robert Island) revealing annual tempera-
tures around − 1.5 and − 2.0 ◦C (Table 2), but did not report data on ALT 
dynamics. 

3.1.2. Western Antarctic Peninsula 
The Western Antarctic Peninsula (Western AP) is located between 

latitude 63◦S and 73◦S, and longitude 57◦W and 68◦W. The area faces 
the Bellingshausen sea and is punctuated by islands, promontories, and 
small peninsulas, which include a complex network of straits, bays, and 
passages between the islands and the continental mainland. The climate 
of the Western AP is influenced by wet polar-maritime climates, with 
MAAT between − 2 ◦C (65◦S) and − 9 ◦C (70◦S) (Cook and Vaughan, 
2010). Annual precipitation is estimated at 500 to 2000 mm in the 
Western AP and the northern AP (van Wessem et al., 2016). Warming 
has been occurring with an overall MAAT increase of 0.8–3.0 ◦C be-
tween 1950 and 2015 (Oliva et al., 2017b; Turner et al., 2020). The 
Antarctic Peninsula Ice Sheet retreated from the western continental 
shelf break relatively rapidly after 18 ka BP, firstly in the north and 
subsequently the lift-off of grounded ice progressed southwards (Ó 
Cofaigh et al., 2014). The vegetation of the Western AP includes both the 
Antarctic herb tundra formation and the Antarctic non-vascular cryp-
togam tundra formation (Colesie et al., 2023). 

Permafrost distribution in the Western AP is mostly discontinuous, 
with maximum estimated thicknesses around 150 m (Bockheim et al., 
2013; Guglielmin et al., 2014a, 2014b). The ALT is highly variable, 
ranging between 30 and 500 cm (Vieira et al., 2010; Bockheim et al., 
2013). Even though several research stations are located in the Western 
AP, few works focused on the active layer, or permafrost, have been 
published until recently. 

3.1.2.1. Rothera Point. Rothera Point is a rocky promontory with an ice- 
free area of ca. 1000 × 250 m. (67.57 S, 68.12 W, 10–110 m a.s.l.) 
located in Adelaide Island in Marguerite Bay, south-Western AP. 
Marguerite Bay has a cold dry maritime climate with a MAAT of − 4.2 ◦C 
and mean annual precipitation of about 500 mm (Turner et al., 2020). 
The bedrock is homogeneous, composed of diorite and granodiorite of 
mid-Cretaceous to early Tertiary age (Dewar, 1970). The deglaciation 
age of the Rothera Point area is still not well known, although Emslie 
(2001) estimated that deglaciation occurred about 6 ka BP. Permafrost is 
continuous here and ranges between 112 and 157 m in depth with an 
active layer ranging between 76 and 140 cm (Guglielmin et al., 2014b). 
Rock surfaces are generally covered by sporadic mosses, as well as di-
versity of epilithic lichens, that can strongly influence weathering pro-
cesses (e.g.; Guglielmin et al., 2012). 

The borehole site is located on a bedrock knob close to the “Memo-
rial”, on one of the highest summits of Rothera Point, about 100 m a.s.l. 
Guglielmin et al. (2014b) reported that the MAAT of Rothera Point 
varied between − 2.7 (2010) and − 4.6 ◦C (2009), which was similar to 
the MAGT (− 2.9 ◦C in 2010 and − 4.8 ◦C in 2009, Fig. 2, Table 3). 
According to Biskaborn et al. (2019), the permafrost temperature at the 
depth of zero annual amplitude decreased slightly from 2014 to 2016 
representing, at least for that period, the only site in Antarctica with a 



decreasing pattern of permafrost temperature. The near-surface TDD 
varied between 363 (2011) and 186 ◦C⋅day (2009), while FDD were 
lowest in 2009 (− 1731 ◦C⋅day) and greatest in 2010 (− 1371 ◦C⋅day). 
The recorded n-factor for thawing was between 2.34 (2010) and 2.69 
(2011). The active layer thickness and thermal conditions are under a 
strong influence of winter snow cover. At Rothera, the thick cover of 
winter snow (> 1 m) leads to ground temperature cooling. 

3.1.2.2. Palmer archipelago and Danco Coast. This sub-region consists of 
several islands of the Palmer Archipelago and the coastal area of the 
Antarctic Peninsula called Danco Coast between 64◦ and 66◦S and 60◦ to 
65◦W . This sub-region represents the most rapidly warming area of the 
Antarctic Peninsula with a warming rate around +0.5 ◦C/decade during 
the last several decades (Turner et al., 2020). Currently, the MAAT is 
around − 1.5 to − 2.5 ◦C. Active layer and permafrost research in this 
area has been undertaken in the vicinity of Palmer station (Anvers and 
Amsler Islands) and Primavera station (Cierva Cove). 

The area is expected to be in the discontinuous to sporadic perma-
frost zone (Bockheim et al., 2013), however, Obu et al. (2020), using 
Cryogrid-1, modelled negative permafrost table temperatures in the 
entire sub-region. The near-surface temperature on Amsler Island cor-
relates well with both air temperature and solar radiation (Wilhelm and 
Bockheim, 2017). Modelling of ALT by Wilhelm et al. (2015) suggested 
maximum depths exceeding 15 m (Table 3), however these results were 
contradicted by Uxa (2016) who proposed that modelled active several 
meters should be several meter thinner if the volumetric latent heat of 
phase change is considered correctly. Ground thermal data showed the 
active layer is thicker than 180 cm in all areas including Cierva Cove 
(Wilhelm and Bockheim, 2016). 

3.1.3. Eastern Antarctic Peninsula 
The Eastern AP, located between latitude 63◦S and 75◦S, and 

longitude 55◦W and 65◦W s bordered by the mountain ridges of the 
Antarctic Peninsula, with maximum elevations exceeding 3000 m a.s.l. 
on its western fringe, and the Weddell Sea on the eastern side. 

Most of the Eastern AP (> 99%) is currently covered by the Antarctic 
Peninsula ice sheet and smaller local glaciers. Glacial shrinking in the 
Eastern AP began at 18.5 ka BP, and the ice-free exposure of the low-
lands occurred between 13 and 11 ka BP (e.g. Oliva and Ruiz-Fernández, 
2020). Since the Early Holocene, prevailing climate conditions have 
driven minor glacial advances and retreats. In response to the recent 
warming trends, several ice-shelves broke up and glacier extension 
diminished (Cook and Vaughan, 2010). Currently, the Eastern AP in-
cludes a few relatively large ice-free areas in the northern sector, such as 
James Ross Island (ca. 500 km2 of total ice-free surface extent), Seymour 
Island (ca. 80 km2), or Vega Island (ca. 70 km2). The ice-free areas south 
of 65◦S are comparatively smaller (< 5 km2) and mostly correspond to 
nunataks. The subglacial volcanic activity during the Late Cenozoic 
favoured the formation of volcanic mesas, which are widespread land-
form features (e.g. Davies et al., 2013; Ruiz-Fernández et al., 2019). 

The climate of the Eastern AP is defined as semi-arid polar conti-
nental, with the highest MAAT of ca. − 5.0 ◦C at sea level in the northern 
part of the Trinity Peninsula and decreasing towards southern parts of 
the region following latitudinal gradients of ca. 0.9 ◦C/deg. until values 
of ca. − 17.0 ◦C at sea level at 75◦S (e.g.; Cook and Vaughan, 2010). The 
Eastern AP’s climate is strongly affected by the orographic barrier, 
formed by the mountain range along the Antarctic Peninsula, resulting 
in relatively low precipitation, mostly snow, estimated as 100 to 700 
mm. Higher precipitation is modelled in the northern Eastern AP and in 
the mountainous parts of the Eastern AP (van Wessem et al., 2016). 
Strong warming of ca. 1.5–2.0 ◦C has occurred over the last 40 years in 
the region (Oliva et al., 2017b; Turner et al., 2020). 

Terrestrial ecosystems in the northern Eastern AP are, together with 
the Western AP, some of the most dynamically changing parts of 
Antarctica in response to the MAAT increase. The entire area of the 

Eastern AP is underlain by continuous permafrost (Bockheim et al., 
2013; Obu et al., 2020) with the modelled temperatures on the top of the 
permafrost between − 3.0 ◦C in the northern tip of Trinity Peninsula and 
ca. − 20 ◦C in the mountainous areas around latitude 75◦S. Geomor-
phological dynamics of the ice-free terrain is driven by periglacial pro-
cesses and paraglacial dynamics in the recently exposed areas (Davies 
et al., 2013; Ruiz-Fernández et al., 2019). Unlike Western AP, the 
vegetation of the Eastern AP has lower diversity with no vascular plants 
though patches of mosses, lichens, and biotic crusts occur (Peat et al., 
2009). 

3.1.3.1. James Ross Island, Ulu Peninsula. Permafrost research in the 
northern Eastern AP has largely been constrained by logistic complexity. 
To date, the main area for permafrost research has been the ice-free area 
of Ulu Peninsula (312 km2), northern James Ross Island, with only a few 
studies in other areas. Intense geological and paleontological surveying 
has been undertaken in Eastern AP (e.g. Nelson, 1975; Olivero et al., 
1986), whereas research focused on permafrost and active layer dy-
namics are recent and scarce. 

The first pre-IPY permafrost research was limited to geophysical 
surveying, and geothermal gradient studies that estimated permafrost 
thicknesses varying between 6 and 67 m on the marine terraces of the 
Ulu Peninsula (Fukuda et al., 1992; Borzotta and Trombotto, 2004). 
Mori et al. (2006) also monitored ALT on Rink Point mesa on the SW 
section of Ulu Peninsula showing an annual ALT of between 60 and 80 
cm. Since the IPY, research into the active layer and permafrost have 
been carried out more systematically in the northern part of Ulu 
Peninsula (e.g. Hrbáček et al., 2019; Hrbáček and Uxa, 2020). Here, 
ground temperatures are monitored in a network of >15 sites with 
shallow profiles providing continuous records with depths varying from 
5 cm to 75–200 cm. Additionally, 3 CALM-S sites of sizes 50 to 50 up to 
70 to 80 m have been operating since 2014, with annual probing of thaw 
depth. 

The MAAT near Johan Gregor Mendel station (10 m a.s.l.) on the 
northern coast of Ulu Peninsula was − 6.6 ◦C (2004–2020), varying from 
− 4.0 to − 9.0 ◦C (Kaplan Pastíriková et al., 2023). The modelled annual 
precipitation ranges between 300 and 700 mm (van Wessem et al., 
2016) mostly in the form of snowfall in winter. MAGT in the low-lying 
areas below 60 m a.s.l. is around − 6.0 ◦C, ranging from − 4 to − 8 ◦C, 
whereas MAGT in the topmost part of the permafrost is around − 6.5 ◦C 
with a relatively low annual variability (between − 5.5 and − 7.5 ◦C). 
Mean ALT values vary between 55 and 85 cm. Depending on summer 
climate conditions, ALT can range from 35 to 125 cm (Table 4, Fig. 3). 
There are noboreholes in the region providing data from depths >2 m. 

The thawing season usually extends 100–120 days between late- 
November and early-March, associated with prevailing positive mean 
daily near-surface temperatures (Hrbáček et al., 2019). The total sum of 
TDD has a long-term mean of 300 to 400 ◦C⋅day ranging from 150 to 
600 ◦C⋅day. By contrast, freezing seasons are much longer than thawing 
seasons with a mean duration of 240–270 days depending on annual 
climate conditions. The ground remains completely frozen during the 
winter months and does not even thaw during events with positive air 
temperatures (e.g. Hrbáček et al., 2019). The seasonal sum of FDD shows 
a mean of ca. − 2600 ◦C⋅day, although it is highly variable between 
− 1700 and − 3500 ◦C (Table 4). 

The ground thermal regime on Ulu Peninsula correlates well (r >
0.75) with the air temperature (Hrbáček et al., 2016b, 2017b; Hrbáček 
et al., 2020a; Hrbáček and Uxa, 2020) and incoming radiation (Hrbáček 
et al., 2020a, 2020b). The ALT distribution is strongly related to local 
lithology and vegetation. In contrast, the effect on the ground thermal 
regime and ALT of snow cover is considered to be less important than 
lithology and vegetation (e.g. Hrbáček et al., 2019). 

Lithological conditions are considered the most important factor 
driving differences in ALT on Ulu Peninsula. The major part of the area is 
formed by coarser volcanic materials and finer Cretaceous sediments. 



The differences in geological composition and ground texture result in 
highly variable ground thermal properties (i.e. conductivity, capacity 
and diffusivity). An example of the lithological effects on the spatial 
distribution of ALT and ground thermal regime was observed on CALM-S 
JGM, where thermal conductivity was almost three times higher in 
Cretaceous sediments than in Holocene marine terrace sediments. As a 
result, the active layer was ca. 50 cm thicker in the Cretaceous terrain 
(Hrbáček et al., 2017b; Hrbáček et al., 2021b). 

Vegetation exerts a weak influence on the ground thermal regime 
and ALT, at small-scales, as dense patches of mosses or lichens occur 
only in small (<100 m2) niches. Vegetation is an efficient insulator 
causing 1.1–1.4 ◦C lower MAGT and a 10–15 cm thinner ALT in moss- 
covered areas than in bare ground sites (Hrbáček et al., 2020a, 2020b). 

The limited effect of snow cover on the ground thermal regime is 
caused by its irregular accumulations during the winter. The maximum 
snow depth on flat surfaces can reach 30 to 50 cm in short-term events 
(<2 days), but it is rapidly redistributed by the strong winds which re-
sults in thin snowpacks (< 20 cm) that persist only for a few weeks 
(Hrbáček et al., 2016a, 2016b; Kňažková et al., 2020). Such snow packs 
were found to be insufficient to be an effective insulation layer, which 
was confirmed by the freezing n-factor values of 0.9–1.0 suggesting 
strong interface between atmosphere and ground surface (Table 4). In 
specific cases where micro relief favours snow accumulations, snow 
depths >70 cm may persist most of the winter season and create an 
efficient insulation layer. 

3.1.3.2. Other parts of Eastern AP. Previous work on the active layer 
and permafrost in other sectors of the Eastern AP are limited to soil 
research studies conducted at Hope Bay (Trinity Peninsula) and on 
Seymour Island (Bockheim, 2015). Short records from Hope Bay 
(2009–2011) revealed MAGT between − 3.5 ◦C and − 6.0 ◦C and ALT 
between 73 and 128 cm (Fig. 3, Table 4). The inter-site differences in 
ground thermal parameters in Hope Bay were caused by a different stage 
of ornithogenic activity and the presence of vegetation patches having 
an insulation effect on the ground thermal regime, causing active layer 
thinning (Schaefer et al., 2017a). An even shorter dataset from one site 
in Seymour Island (3/2011–1/2012) revealed very cold conditions 
during winter with FDD dropping to − 3300 ◦C⋅day, and an ALT 

estimated at 100 cm (Gjorup et al., 2020). 

3.2. West Antarctica 

The West Antarctica region comprises Ellsworth Land, Marie Byrd 
Land and Edward VII Land. The ice-free areas are limited mostly to 
mountainous ridges. The most prominent are in the Ellsworth Mountains 
where the highest point in Antarctica, Vinson Massif (4892 m a.s.l.) is 
located. Active layer and permafrost research in the West Antarctica 
region is mostly limited to the Ellsworth Mountains (Schaefer et al., 
2017a, 2017b; McKay et al., 2019). The only brief results from the 
coastal part of Marie Byrd Land report a mean annual permafrost tem-
perature of − 10.3 ◦C (2008–2013) in the vicinity of Ruskaya station 
(Bockheim, 2015; Obu et al., 2020). 

3.3. Ellsworth Mountains 

The Ellsworth mountains are located around 77◦ to 88.5◦S and 78◦ to 
87◦W. The mountain ridge, ca. 350 km long and 48 km wide is formed 
over two major areas, Sentinel range and Heritage range, which are 
bisected by the Minnesota Glacier. The prevailing geology consists of 
marble (late Precambrian), sedimentary rocks (late Cambrian), quartzite 
(upper Cambrian to Devonian) and marine and terrestrial layers 
(Permian) (Webers et al., 1992). The ice-free areas are underlain by ice- 
cemented or dry permafrost and vegetation is scarce (Bockheim, 2015). 
The climate of Ellsworth Mountains is cold and dry with MAAT ranging 
from − 15 ◦C in the coastal zone down to − 35 ◦C on the high-elevation 
polar plateau. The annual precipitation is estimated to about 150–175 
mm (Bromwich et al., 2004). 

The only two studies in the region are from the Mount Dolence area 
in the Heritage Range. Schaefer et al. (2017a, 2017b) reported a mean 
annual ground temperature of between − 18.1 ◦C and − 18.3 ◦C in the 
period 2012/2013 in two sites at 850 and 886 m elevation. The active 
layer was thawed only in December and January and the TDD was 50 to 
150 ◦C⋅day. The ALT was estimated to be 47 and 48 cm (Table 5). 
However, the results should be considered with caution as the mean 
daily ground temperature at the depth of 30 cm did not exceed 0 ◦C. The 
ALT in the region is affected by the depth at where the ice table in dry 

Fig. 3. The variability of mean annual near-surface ground temperature (MAGT), mean annual temperature, the permafrost table (MAPT), and active layer thickness 
(ALT) in selected sites of Eastern Antarctic Peninsula. The data were extracted from studies by1Pastirikova et al., in review;2Hrbáček et al., 2017a, 2021a; 3Hrbáček 
et al., 2017b, 2019; 4Hrbáček and Uxa, 2020; 5Gjorup et al., 2020; 6Schaefer et al., 2017a, 2017b; 7READER database. The black triangles indicate the position of 
other study sites in the region. 



permafrost is present. McKay et al. (2019) observed the depth of the ice 
table to be between 10 and 45 cm in four sites elevated between 690 and 
835 m. 

3.4. East Antarctica 

East Antarctica (EA) represents a large area in the coastal zone be-
tween 20◦W and 170◦E longitudinally and 65–75◦S latitudinally. The 
ice-free areas in EA comprise ca. 10,900 km2, and are fragmented into 
separate nunataks of alpine character forming small ridges penetrating 
the inland ice sheet. The largest ice-free areas are mountain ridges in 
Queen Maud Land (ca. 3500 km2) and MacRobertson Land (ca. 5000 
km2). In spite of the presence of several research stations in the area, 
studies of the active layer and permafrost are scarce. 

3.4.1. Queen Maud Land 
Queen Maud Land lies between 20◦W and 45◦E. The coastline ex-

tends to 75◦S at the western side, but the main part is generally about 
70◦S. Deglaciation of coastal oases started about 50–35 ka BP according 
to exposure ages and lacustrine deposits (Altmaier et al., 2011; Abramov 
et al., 2011). The bedrock geology of Queen Maud Land is dominated by 
Precambrian gneiss, formed 1 to 1.2 Ga ago, before the creation of the 
supercontinent Gondwana (Barrett, 1971). The climate follows both 
altitudinal and latitudinal gradients. The highest MAAT is in the coastal 
zone at 70◦S (ca. − 10 ◦C at Novolazarevskaya station in Schirmacher 
Hills), whereas the MAAT <15 ◦C are typical for the areas around 75◦S 
(Halley research station) and mountainous areas around 1000 m a.s.l. 
(Kotzé and Meiklejohn, 2017). Precipitation is in the range 200–400 mm 
per year (Bromwich et al., 2004). No significant changes in the MAAT in 
the region were observed during the observational period (Turner et al., 
2020). 

There are two major ice-free areas with available permafrost data in 
Queen Maund Land – the system of nunataks near SANAE VI and Troll 
stations (Basen, Flårjuven, Grunehogna, Robertskollen, Schu-
macherfjellet, Slettfjell, Troll, Valterkulten and Vesleskarvetwith and 
Schirmacher Hills). The longest monitoring records are from the Basen 
(since 2004) and Troll (since 2007) nunataks. Overall, Queen Maud 
Land has a total of 10 profiles on 8 nunataks (Troll, Flårjuven, Valter-
kulten, Slettfjell, Schumacherfjellet, Grunehogna, Robertskollen and 
Vesleskarvet). Boreholes were installed on the Fossilryggen and Svea 

nunataks, however, these are inactive (Vieira et al., 2010). According to 
recent measurements, the MAATs ranged from − 14 to − 18 ◦C and ALTs 
range from 16 to 58 cm (Kotzé and Meiklejohn, 2017, Fig. 4, Table 6). 

The Schirmacher Hills is located in the coastal area of Queen Maud 
Land. The oasis is 18 km long and from 0.6 to 3.5 km wide, with an 
elevation ranging from 10 to 226 m a.s.l. The Schirmacher Hills stretch 
along the slope of the continental ice shelf. In the north the oasis borders 
the Lazarev Ice Shelf, which separates it from the sea. Sediments in large 
lake depressions have been radiocarbon dated at 18–30 ka. However, 
soil development suggests that geomorphic surfaces are only several 
thousand years old. Moraine deposits dated back at 145–80 ka show 
evidence of past phases with larger glacial systems. Minor warming and 
cooling events during the current interglacial period, from 13 ka to 3 ka, 
have been revealed by dating sediments from dry lake beds and shallow 
lakes in Schirmacher Oasis. The recession of ice began in the Early 
Holocene and had three phases, with the main phase recorded at 
6.7–2.2 ka BP (Dharwadkar et al., 2018). 

The first permafrost investigations were undertaken in the vicinity of 
Novolazarevskaya station (Shirmacher Oasis) in 1979 finding the active 
layer depth in the range of 8 cm for icy algae-rich deposits and 70 cm for 
fine-grained dry sediments. The first site for active layer monitoring 
(CALM-S) was established in 2008, and boreholes for ground tempera-
ture monitoring were installed in 2009 (Abramov et al., 2011). Ac-
cording to recent measurements, the MAGTs in the Schirmacher Oasis 
are around − 9 ◦C and ALTs are 30–120 cm (Table 6). Modelling esti-
mated the MAGT on the top of the permafrost within the range of − 8 to 
− 10 ◦C (Obu et al., 2020). 

3.4.2. Other parts of EA 
The remaining parts of EA where some active layer and permafrost 

monitoring is available are Enderby Land, Princess Elizabeth Land and 
Wilkes Land. Deglaciation began around 30 ka in the Bunger Hills in 
Wilkes Land (Gore et al., 2001; Mackintosh et al., 2014), and 
commenced around 6 to 9 ka BP in Enderby Land (White and Fink, 
2014). The geology of the majority of the area is defined by Precambrian 
schists, quartzites and meta-sedimentary rocks, comprising mainly 
granulite facies orthogenesis (Tucker et al., 2020). The MAAT of the 
coastal area is stable between − 9 and − 11 ◦C without any trend 
detected over the last 60 years (Turner et al., 2020). Precipitation 
oscillated between 200 and 800 mm yr− 1 (Bromwich et al., 2011). 

Fig. 4. The variability of mean annual near-surface ground temperature (MAGT), mean annual temperature, the permafrost table (MAPT), and active layer thickness 
(ALT) in selected sites of East Antarctica. The data were extracted from studies by 1Kotzé and Meiklejohn, 2017; 2Hrbáček et al., 2021b; 3REAEDER database. 



Vegetation cover in ice-free areas is sparse and consists of lichens, 
mosses, and algae. 

Permafrost and active layer monitoring have mostly been under-
taken in the vicinity of Russian research stations Molodezhnaya in 
Thalla Hills (Enderby Land); Progress II station in Larseman Hills 
(Princess Elizabeth Land), and Mirny station in Bunger Hills (Wilkes 
Land). The first Soviet Antarctic expedition (1956–57) brought perma-
frost scientists near Mirny station, whoinstalled boreholes for ground 
temperature measurements and studied ALT in a variety of landscape 
settings. Shallow (1 m) boreholes for ground temperature and sites for 
ALT measurements were later (1993–94) organised at Syowa (Sawagaki, 
1995), and from 2007 at Molodezhnaya (Abramov et al., 2011). 

MAGT is around − 9 ◦C and ALT ranges from 60 to 80 cm (more than 
100 cm for bedrock) near Molodezhnaya station. At Progress Station, 
ALT varies from 60 to 85 cm (Hrbáček et al., 2021b). Modelling of the 
topmost part of the permafrost revealed the highest temperatures be-
tween − 6 to − 8 ◦C in the coastal areas, decreasing to − 20 ◦C in the 
Prince Charles Mountains and Mawson Escarpment in MacRobertson 
Land (Obu et al., 2020; Table 6). 

3.5. Victoria Land 

3.5.1. Ross Sea region and Transantarctic Mountains 
The Ross Sea region (RSR) lies directly south of New Zealand and 

stretches from latitude 70◦S to 90◦S, and from longitude 150◦E through 
180◦ to 150◦W. Ice-free areas with soil development cover an estimated 
area of 18,480 km2 (e.g. ACBR10, Terauds and Lee, 2016), and soils 
occur in small pockets along the coastal margins, in the McMurdo Dry 
Valleys (MDVs) as well as in isolated areas in the Transantarctic 
Mountains (TAM) further south (Balks and O’Neill, 2016). The MDVs are 
the largest ice-free expanse in Antarctica, and depending on the portion 
of ice-free area considered, size estimates range from 2000 to 15,000 
km2 (Levy, 2013). 

Basement rocks of the MDVs are mainly Precambrian to Ordovician 
schists, gneiss, marble, and granites (Isaac et al., 1996) overlain by a 
range of rock types dominated in many areas by Devonian to Triassic 
quartz sandstones (Isaac et al., 1996). Ross Island comprises mainly 
basaltic materials with shallow soils formed on regolith such as glacial 
till or colluvium that strongly reflect the parent rocks due to the rela-
tively limited weathering that occurs (Campbell and Claridge, 1987). 

During the last glacial maximum (LGM), the West Antarctic Ice Sheet 
(WAIS) expanded into the Ross Sea Embayment and terminated close to 
the continental shelf edge (Shipp et al., 1999; Denton and Hughes, 
2000). Recent modelling by Lowry et al. (2019) show the earliest retreat 
of the WAIS in the Ross Sea Embayment during the Early Holocene, 
which was characterized by rapid terrestrial ice sheet thinning. 

The timing of various glacial advances and retreats strongly in-
fluences soil development. Salt horizons, soil color, the amount of clay 
present, and the extent of staining, exfoliation, cavernous weathering, 
and ventifaction of surficial materials are distinctive indicators of age 
difference in many RSR soil sequences (Bockheim, 1997). The youngest 
soils are generally found on deposits closest to glaciers and on young 
features such as beaches, sand dunes, or stream deposits. The oldest, 
most strongly weathered, soils are often found on high, upland surfaces 
(Campbell and Claridge, 1987; Bockheim and McLeod, 2008; Bockheim, 
2010), which have escaped the erosive effects of subsequent glacial 
fluctuations. 

The MDV landscape has generally been considered stable over pe-
riods extending for millennia (Denton et al., 1993; Marchant and Head, 
2007), particularly at higher elevations where soil temperatures remain 
below 0 ◦C, thus slowing weathering and geomorphic processes. How-
ever, recent observations in the coastal thaw zone by Fountain et al. 
(2014), Balks and O’Neill (2016) and Levy et al. (2018) describe short- 
lived erosion and depositional events, occurrence of stream erosion and 
incision, and melting of massive ice during summers that experienced 
above average incoming solar radiation. Future changes to soil- 

permafrost environments in the RSR are most likely to occur in areas 
of low elevation and in warm coastal zones and may be a result of 
warmer than average summers, higher than average snowfall, or human 
disturbances. In areas of ice-cemented (as opposed to dry-) permafrost 
such changes may lead to melting of ground ice and thermokarst erosion 
or subsidence (Fountain et al., 2014; Balks and O’Neill, 2016; Levy et al., 
2018). 

Mean annual air temperatures across latitudinal and altitudinal 
gradients from Cape Hallett (72◦S) to Darwin Glacier (79.5◦S), and from 
sea level to the edge of the Polar Plateau, over the period 2000 to 2018, 
ranged from − 15 ◦C at Cape Hallett (2 m a.s.l.) to − 25 ◦C at Mt. Fleming 
at the head of the Wright Valley (1700 m a.s.l.) (Seybold et al., 2009). In 
the inland MDVs snowfall occurs with no strong seasonal pattern 
(Fountain et al., 2010). Precipitation is higher in coastal areas with snow 
accumulating on the ground surface over winter, and following summer 
snowfall events. On the mid-valley floors precipitation is lowest with a 
mean annual precipitation of 45 mm recorded at Vanda Station over two 
years (Campbell and Claridge, 1987) and Fountain et al. (2010) report 
annual precipitation ranging from 3 to 50 mm in the MDVs. Snowfall is 
higher at the coastal ends of the valleys and at higher altitudes. In 
summer snowfall often sublimates within an hour of falling on the valley 
floors, and within a day or two at higher altitudes (Balks and O’Neill, 
2016). Climate data in Antarctica is limited, however continuously 
monitored soil climate data, since 1999 shows some between-season 
variability but no significant trends of warming or cooling (Carshalton 
et al., 2022) (Table 7) . 

In the MDVs there are no vascular plants, but where conditions are 
favourable (soil pH and salinity, available water, and shelter from the 
wind), algal crusts, mosses, lichen, and endolithic communities have 
been reported (Friedmann, 1982; Gilichinsky et al., 2007; Goordial 
et al., 2016). 

Environmental parameters (pH, water activity) drive abundance, 
community structure and diversity of variable biological communities 
(Adams et al., 2006; Aislabie et al., 2006, 2008, 2011; Barrett et al., 
2006; Chong et al., 2012; Hopkins et al., 2006; O’Neill et al., 2013; 
Yergeau et al., 2007). Lee et al. (2012) showed that soils from four 
geographically disparate dry valleys comprised structurally and phylo-
genetically distinct communities. In coastal areas (e.g. Capes Royds, 
Bird, and Hallett) penguin colonies provide high inputs of nutrients 
forming ornithogenic soils and distinct biological communities (Speir 
and Cowling, 1984). 

The MDVs are one of the most studied permafrost regions in 
Antarctica (Bockheim et al., 2007; Adlam et al., 2010; Seybold et al., 
2010; Levy, 2013; Obu et al., 2020). A soil-permafrost climate network 
has been maintained since 1999 (Carshalton et al., 2022). The network, 
comprising nine automated soil climate stations and two borehole sites, 
provides both a latitudinal and altitudinal gradient across the RSR. The 
coastal group includes Minna Bluff (78◦30′41.6” S) (colder, windier, and 
some distance from the open sea), Scott Base, Marble Point, and Granite 
Harbour (77◦00′23.7” S). The Granite Harbour site is not typical of the 
wider area, but was selected to capture a unique warm wet environment 
that has unusually lush biological growth. To complement the coastal 
latitudinal group, the network includes an altitudinal group ranging 
from Marble Point (60 m a.s.l.) through Wright Valley floor (160 m a.s. 
l.) and Victoria Valley (410 m a.s.l.) to Mt. Fleming (1697 m a.s.l.) which 
includes the dry valley floor environment through to the edge of the 
polar plateau. To capture the valley walls, and intermediate altitude, 
particularly to support climate modelling efforts, soil climate stations 
were installed on a terrace above Don Juan Pond (728 m a.s.l.) and on 
the high Wright Valley wall east of the entrance to Bull Pass (known as 
Bull Pass East, 832 m a.s.l.). Two 30 m deep boreholes are located in 
bedrock, one at Marble Point to capture the coastal environment and one 
on the floor of the Wright Valley (Guglielmin et al., 2011) to capture the 
more extreme dry climate. Overall, the network captures the range of 
soil, active layer, and permafrost environments in the McMurdo Dry 
Valleys region. 



Each soil climate station includes an MRC temperature probe, 3-in-1 
soil moisture probes which also measure temperature, and Campbell 
107 temperature probes, giving at least 15 temperature measurements 
in the top 1.2 m. Atmospheric conditions (measured 1.5 m above the 
ground surface) include incoming solar radiation with a pyranometer, 
wind speed and direction, relative humidity, and air temperature, and 
sensors are connected to Campbell Scientific data loggers (ranging from 
CR10X to CR1000X). Measurements of atmospheric variables are made 
at 10-s intervals, and soil measurements at 20-min intervals, averaged 
hourly. The data are included in Adlam et al. (2010), Seybold et al. 
(2010), Vieira et al. (2010), Guglielmin et al. (2011), Balks and O’Neill 
(2016), Hrbáček et al. (2021b), and Obu et al. (2020). 

Another soil climate monitoring network (LTER, Long Term 
Ecological Research Project) has also operated, since 1994, in the 
McMurdo Dry Valleys. Systematic soil measurement in the LTER 
network started in 1999 in the southern part of the RSR (Taylor Valley, 
Beacon Valley, University Valley). The longest published record 
(1999–2010) was provided from Beacon Valley by Lacelle et al. (2016); 
(Fig. 5). Data from the LTER network are not further discussed here, 
however are summarized in Table 7. 

The air, ground and permafrost temperatures all decrease with 
increasing elevation and latitude (Adlam et al., 2010). Within the data 
set (gathered between 2006 and 2019) MAAT ranged from − 14.8 ◦C at 
Granite Harbour (5 m a.s.l) to − 25.1 ◦C at Mt. Fleming (1697 m a.s.l). 
The MAGT ranged from − 13.1 ◦C at Granite Harbour to − 24.6 ◦C at Mt. 
Fleming. The mean annual temperature in the uppermost part of the 
permafrost ranged from − 12.9 ◦C at Granite Harbour to − 24.2 ◦C at Mt. 
Fleming (Fig. 5, Table 7) All sites show interannual variability in MAAT 
and MAGT (both near surface and at the top of the permafrost). The 
inter-annual variability was lower at higher altitude sites such as Mt. 

Fleming than at the lower altitude coastal sites such as Marble Point (50 
m a.s.l) (Fig. 5). 

ALT ranged from 3.4 cm at Mt. Fleming to greater than 90 cm at 
Granite Harbour (Fig. 5, Table 7), and generally decreased with 
increasing altitude and latitude. At Granite Harbour, where a large 
amount of meltwater flows through the soil profile, conducting heat to 
depth, the maximum thaw depth exceeds the depth of the temperature 
sensors. At all other sites, the deepest sensors are within the permafrost, 
at depths of greater than about 50 cm. The ALT at the soil climate station 
sites showed large variability both in space and in time, reflecting dif-
ferences in soil characteristics, permafrost types, annual variability in 
snow cover, and responding sensitively to climate variability (Balks and 
O’Neill, 2016; Hrbáček et al., 2021b; Seybold et al., 2010); however, no 
significant trends of increase or decrease in ALT, MAGT (near-surface or 
at the top of the permafrost) were observed between 2006 and 2019. 

The three Wright Valley sites (Bull Pass, Bull Pass East and Don Juan 
Pond) have dry permafrost (Anhyorthels) while the remaining six sites 
have ice-cemented permafrost (Haplorthels or Haploturbels) (Car-
shalton et al., 2022). The coastal sites (Scott Base, Marble Point, Minna 
Bluff, and Granite Harbour) receive higher snowfall, resulting in some 
liquid moisture for short periods during snowmelt. The Victoria Valley 
site is relatively close to Lake Victoria and has moisture mainly derived 
from groundwater, whereas the predominant source of water at Mt. 
Fleming is windblown snow carried from the nearby margin of the Polar 
Plateau. Seybold et al. (2010) described the moisture regime of seven of 
the sites. There were no clear differences between ALT at ice-cemented 
sites compared to those with dry permafrost. Substantive vegetation is 
lacking at all sites and, therefore, would have no influence on the ground 
thermal regime and ALT. 

Numerous studies into the thermal properties of MDV soils, the role 

Fig. 5. The variability of mean annual near-surface ground temperature (MAGT), mean annual temperature on the permafrost table (MAPT) and active layer 
thickness (ALT) in the selected sites of Victoria Land. The data were extracted from studies 1Carshalton et al., 2022; 2Cannone et al., 2021; 3Lacelle et al., 2016; 
4READER database. Black triangle indicate the position of other study sites in the region. 



of soil moisture on ALT, short-term ground temperature monitoring, 
modelling of the subsurface thermal regime, and research into the im-
pacts of climate change on soil thermal regimes and associated soil 
ecosystems have been undertaken in the RSR (e.g. Andriuzzi et al., 2018; 
Fisher et al., 2016; Fountain et al., 2016; Lacelle et al., 2016; Lapalme 
et al., 2017; Liu et al., 2018; Wlostowski et al., 2018). In a study con-
ducted over a two-year period along moisture gradients associated with 
fluvial features in the Taylor Valley, MDVs, Wlostowski et al. (2018) 
showed that the rate and sensitivity of soil freeze/thaw processes was 
related to soil moisture content in the active layer; with wetter soils 
freezing less frequently and more gradually than dry soils. Wlostowski 
et al. (2018) concluded that if predicted increases in moisture and 
temperature occur in the MDVs, soil ecosystems (especially nematode 
diversity and abundances) will be impacted (Chapman and Walsh, 2007; 
Walsh, 2009). Similarly long-term observations by the MDV Long Term 
Ecological Research (LTER) project showed shifts in the dominant 
nematode species in the Taylor Valley resulting from fluctuations in ice- 
melt associated with warmer summers and more frequent discrete 
warming events since the 2000s (Andriuzzi et al., 2018). 

3.5.2. Northern Victoria Land 
Northern Victoria Land is part of the Ross Sea Sector, and was 

glaciated probably until 12,000 yrs. BP (Forte et al., 2016). It consists of 
an undulating upland rising to elevations exceeding 1000 m a.s.l., and in 
one case (Tarn Flat) descending below sea level. The bedrock is 
composed of Harbour Castle granite, Wilson Terrane meta-granite and 
high-grade metamorphics, and small areas of meta-sedimentary rocks, 
all Ordovician in age or older (Pour et al., 2018). Several large glaciers 
cut through the Trans-Antarctic Mountains (i.e. Reeves, Priestley and 
Campbell), and there are many smaller ones together with numerous 
cirque glaciers and snowbanks. The coasts of North Victoria Land consist 
of a sequence of cliffed headlands and beaches, several of which are 
raised beaches (i.e. Ponti and Guglielmin, 2021a). 

The climate of the area surrounding the Italian Antarctic Research 
Station ‘Mario Zucchelli’ is characterized by a mean annual air tem-
perature of − 14.1 ◦C (Ponti et al., 2021), and is persistently dominated 
by strong Katabatic winds. The annual net precipitation, usually in the 
form of snow, ranges between 50 and 250 mm yr− 1 (Bromwich et al., 
2011). The climatic trend is towards a slight increase of MAAT (Cannone 
et al., 2021) and permafrost is continuous everywhere with a trend of 
increasing ALT (Guglielmin et al., 2014a; Cannone et al., 2021). 

The geomorphological processes of northern Victoria Land are 
mostly related to wind or salt weathering (Ponti and Guglielmin, 2021 
and thermal-contraction cracking polygons (French and Guglielmin, 
1999) that may develop ice wedges (Raffi and Stenni, 2011). It is 
common to find perennially frozen lakes with frost mounds (Ponti et al., 
2021) and also active rock glaciers (Guglielmin et al., 2018). Freeze- 
thaw and mass-wasting (solifluction) processes are limited because of 
the lack of moisture and the shallow active layer (French and Gugliel-
min, 1999). The vegetation of Victoria Land is composed exclusively of 
cryptogams and includes four main vegetation types, dominated by (a) 
mosses, (b) mosses encrusted by epiphytic lichens, (c) macrolichens, and 
(d) scattered epilithic lichens and mosses (Cannone and Seppelt, 2008). 

3.5.2.1. Boulder Clay. Boulder Clay (74.74◦S, 164.03◦E, 205 m a.s.l.) is 
an ice-free area located at the Northern Foothills about 6 km south of the 
Italian station on a gentle slope (5◦) with south-eastern exposure. The 
area consists of glacial ablation-sublimation till overlaying a body of a 
“dead” glacier ice. The till matrix is generally silty sand with confined 
zones of clayey silt (Guglielmin et al., 1997). The climate is character-
ized by a MAAT of − 14.1 ◦C (Ponti et al., 2021). 

Despite the low precipitation, areas of snow accumulation are 
formed by strong wind drift (Guglielmin et al., 2014a). Permafrost is 
continuous and estimated to be 420–900 m thick (Guglielmin, 2006). 
The ALT ranges between 23 and 92 cm with a thickening trend of +0.3 

cm to 1.1 cm per year at different sites during the period 2000–2013 
(Guglielmin et al., 2014b; Cannone et al., 2021). The Boulder Clay site is 
the first CALM-S grid in Antarctica with temperature data from a 3.6 m 
deep borehole since 1996 (Guglielmin, 2006). 

The MAAT ranged between − 12.5 and − 16.0 ◦C, while the MAGT 
was between − 14.6 and − 16.7 ◦C. Surface annual TDD varied consid-
erably, ranging from 90 to 195 ◦C⋅day. Consequently, the ALT recorded 
at the borehole site ranged between 25 and 37 cm (Guglielmin and 
Cannone, 2012; Cannone et al., 2021) (Table 7). Incoming radiation, 
rather than air temperature, is considered the principal driver of AL 
thickening (Guglielmin and Cannone, 2012). 

3.5.2.2. Edmonson Point. Edmonson Point (74.33◦S, 165.13◦E, 50 m a. 
s.l.) is a small ice-free oasis, located in Wood Bay on the west coast of the 
Ross Sea, of about 1.8 km2. Here, the volcanic activity of Mt. Melbourne 
produced a dark substrate composed of basaltic lavas, scoria, pumice, 
and tuff (Smykla et al., 2015). Periglacial processes include frost 
cracking of finer deposits (French and Guglielmin, 1999) and the in-
fluence of oceanic flooding on permafrost has been demonstrated (Ponti 
and Guglielmin, 2021). 

The MAAT in the Edmonson Point is around − 16.5 ◦C. The innermost 
area is sheltered from local katabatic winds and in summer easterly 
winds. Permafrost is continuous everywhere (Obu et al., 2020), and the 
active layer thickness ranges between 23 and 55 cm at vegetation 
covered and bare ground sites, respectively (Cannone and Guglielmin, 
2009; Hrbáček et al., 2020a, 2020b). MAGT varied between − 11.4 and 
− 14.7 ◦C. Surface TDD varied from 534 to 804 ◦C⋅day year− 1, producing 
an n-factor for thawing of between 40.4 and 101. Surface FDD range 
between − 4982 and − 5940 ◦C⋅day year− 1, producing an n-factor for 
freezing of between 0.9 and 0.99 (Table 7). 

3.6. Sub-Antarctic Islands 

The sub-Antarctic islands encompass several islands that generally 
include the Antipodes, Auckland, Bounty, Bouvet, Campbell, Crozet, 
Heard and McDonald, Kerguelen, Macquarie, Prince Edward, South 
Georgia, South Sandwich, and Snares Islands, located between 40 and 
60◦S, near the Antarctic Polar Frontal Zone. These islands are further 
classified according to oceanographic, climate, and floristic data (van de 
Vijver and Beyens, 1999). They are largely of volcanic origin of varying 
ages, with some still active (e.g., Hodgson et al., 2014), ranging from 
volcanic cones, vents, and basal shelf volcanoes (Hodgson et al., 2014), 
to granite remnants (McGlone, 2002), and uplifted basaltic oceanic crust 
(Quilty, 2007). Most of the islands are characterized by maritime cli-
mates that are moist, cool, mostly cloudy, with strong prevailing west-
erly winds, brought about by eastward moving cyclonic depressions (e. 
g.; Hall, 2002; McGlone, 2002; Hodgson et al., 2014; Graham et al., 
2017). Annual precipitation varies, ranging from 700 mm for Crozet to 
2400 mm for the Prince Edward Islands (e.g.; le Roux and McGeoch, 
2008), with those located above the Antarctic Convergence receiving 
less snowfall (Hall, 2002). Modelled MAAT ranges from − 9 to − 2 ◦C for 
South Georgia, to +2 to +8 ◦C for the Antipodes and + 11 ◦C for Snares 
Island; the MAAT for most islands is near 0 ◦C (Leihy et al., 2018) 

3.6.1. South Orkneys 
Unlike the other sub-Antarctic Islands, continuous research activities 

are carried out on the South Orkneys, in Signy Island (60◦43′S, 
45◦38′W). Deglaciation of the area started around 6.6 ka cal BP (Jones 
et al., 2000) and continues nowadays, as thinning rates of 1 m per year 
have been measured over the last 20 years (Favero-Longo et al., 2012). 
The ice-free area of the island covers about 10 km2 and is composed 
quartz-mica-schist bedrock, moraine sediments, scree slopes, beaches 
and alluvial deposits (Matthews and Maling, 1967). A cold oceanic 
climate dominates with MAAT of around − 3.5 ◦C, an annual precipita-
tion of around 400 mm, primarily in the form of summer rain 



(Guglielmin et al., 2012). The warming trend of MAAT is +0.13 ◦C/ 
decade during the period 1960–2009 (Oliva et al., 2017b). Precipitation 
shows also a slight increase in recent decades (Cannone et al., 2016). 
Vegetation on Signy Island is composed of both the Antarctic herb 
tundra formation, as well as the more common Antarctic nonvascular 
cryptogam tundra formation (Gimingham and Smith, 1970). Present- 
day geomorphological processes in Signy Island are characterized 
mainly by periglacial dynamics, including the development of low- 
centred sorted circles, sorted stripes, and stone-banked lobes, and 
widespread solifluction processes. One active rock glacier has been 
described in the island (Guglielmin et al., 2008). 

MAGT ranges between − 1.9 and − 2.9 ◦C on bare ground and be-
tween − 2.0 and − 3.0 ◦C for vegetation (Fig. 6). The annual TDD varies 
between 230 and 540 ◦C⋅day in bare ground, and between 100 and 
300 ◦C⋅day under vegetation carpets (Guglielmin et al., 2012; Hrbáček 
et al., 2020a). The presence of vegetation strongly affects ALT, which 
can range from 40 cm to >3 m (Guglielmin et al., 2008; Guglielmin and 
Cannone, 2012). The shallowest ALT sites are on vegetated surfaces that 
retain more water (wet mosses), while sites with thicker ALT were found 

under bare ground where water is more easily drained (Guglielmin and 
Cannone, 2012; Hrbáček et al., 2020a) (Table 8). 

3.6.2. Other areas 
The remaining Sub-Antarctic islands have distinct periglacial envi-

ronments and periglacial landforms, such as sorted and non-sorted 
patterned ground, protalus ramparts, and stone-banked lobes are com-
mon (e.g., Hedding, 2008; Hansen, 2018). However, ground tempera-
ture monitoring is largely absent and MAGT on the top of the permafrost 
table was modelled by the Cryogrid 1 model (Obu et al., 2020), for the 
South Sandwich Islands, ice free areas of Heard Island, higher elevations 
of Kerguelen Islands, and South Georgia. Permafrost is absent on the 
Crozet Islands (Obu et al., 2020), the Prince Edward Islands (Nel et al., 
2021), and Macquarie Island (Hodgson et al., 2014). 

Investigations by Nel et al. (2021) indicate that Marion Island, of the 
Prince Edward Islands, may be used as a proxy in evaluating regional 
climatic trends within the Southern Ocean. Marion Island is character-
ized by ubiquitous, high-frequency low-intensity, diurnal frost cycles 
throughout the year (Hansen, 2018), like the Auckland, Campbell, and 

Fig. 6. The variability of mean annual near-surface ground temperature (MAGT) and active layer thickness (ALT) in selected sites of the Sub-Antarctic Islands. The 
data were extracted from studies by 1Guglielmin et al., 2012; 2Hrbáček et al., 2020a; 3READER database. 



Macquarie Islands (McGlone, 2002), with no evidence of permafrost, nor 
of seasonal freezing at lower elevations (Nel et al., 2021). Ground frost 
yields the lateral and vertical movement of particles within the soil 
column (Nel et al., 2021), and subsequent sorting of the ground (Hansen, 
2018). MAGT ranges from 1 to 5 ◦C (Nel et al., 2021), MAAT from 1 to 
6 ◦C (Hansen, 2018) at elevations ranging from 800 to 100 m a.s.l. 
Annual TDD are 392 ◦C⋅day at higher elevation, and 499 ◦C⋅day at lower 
elevation (Table 8). The annual FDD are − 195 ◦C⋅day at higher, and −
95 ◦C⋅day at lower elevations (Hansen, 2018). While the majority of the 
sub-Antarctic islands do not exhibit permafrost, all are undergoing rapid 
change leading to glacial retreat, reduction of ground ice and snow, 
changes in frost processes, as well as far-reaching effects on local fauna 
and flora. 

4. Discussion 

Permafrost in Antarctica is widespread in ice-free regions and is only 
absent near sea level in some areas across the South Shetland Islands and 
Western Antarctic Peninsula (Bockheim et al., 2013, Correia et al., 2017; 
Ferreira et al., 2017), as well as sub-Antarctic islands north of 60◦S, 
where patchy permafrost occurs only in elevated areas (Obu et al., 
2020). Permafrost thickness naturally ranges from a few meters on the 
warmest Antarctic part in the West Antarctic Peninsula (Bockheim et al., 
2013), up to almost 1000 m estimated in the cold conditions of the 
McMurdo Dry Valleys (Decker and Bucher, 1977). The regional vari-
ability of permafrost thickness is mainly affected by geothermal 
heat-flow (Borzotta and Trombotto, 2004) in areas under active tectonic 
and volcanic processes (e.g., Burton-Johnson et al., 2020). 

4.1. Active layer and permafrost thermal regime 

The vast surface of the Antarctic continent, as well as the range of 
climatic, topographical, and lithological settings, makes it challenging 
to infer regional characteristics of spatial patterns of the active layer in 
terms of thermal regime, thickness, or spatio-temporal dynamics. The 
MAGT is strongly driven by latitude (R2 = 0.9), showing a cooling trend 
of– ca. 0.9 ◦C/deg. (Fig. 7). The Antarctic Peninsula is the only area 
where strong temperature asymmetry can be found at the same latitude, 
with up to 5 ◦C difference between the western and eastern sides (Cook 
and Vaughan, 2010). The most of the study sites are elevated lower than 
300 m a.s.l. The only area with clearly defined altitude trend is 
McMurdo Dry Valleys (MDV) where the elevations cover range from sea 
level up to 1700 m a.s.l. resulting into the lapse rate of MAGT of ca 
0.6 ◦C/100 m (Adlam et al., 2010; Carshalton et al., 2022). 

Data reveals (non-significant) warming trends in mean annual near- 

surface temperatures (Fig. 8) in the South Shetlands (SSI; 0.028 ◦C/ 
year), Eastern Antarctic Peninsula (AP; 0.11 ◦C/year) and Victoria Land 
(VL; 0.027 ◦C/year), and a cooling (non-significant) trend was only 
detected in East Antarctica (EA; − 0.062 ◦C/year). However, the trend 
analysis of MAAT revealed that all of the Antarctic regions experienced 
(non-significant) warming during the period 2006–2020 (Fig. 8). The 
results from AP region show that the initial cooling observed at the 
beginning of the 21st century (e.g. Turner et al., 2016; Oliva et al., 
2017b) has already shifted to a regional warming pattern, following the 
warming occurred in this region since 1950s (e.g. Turner et al., 2020). 
This trend change was discussed by Kaplan Pastíriková et al. (2023), 
who detected the temperature trend change from cooling to warming 
around 2012–2014 on James Ross Island. Results from VL are in 
accordance with Cannone et al. (2021) observing slight warming in 
several sites in the period 2003–2013. The recent ground temperature 
trends in Antarctica reaching similar values between 0.3 and 1.0 ◦C/ 
decade as was observed since 1990s in the Arctic regions (Smith et al., 
2022) or. 

Data for permafrost temperatures are restricted to several sites 
located in Western AP, EA and VL (Biskaborn et al., 2019) where there 
are boreholes that are deep enough to reach the depth of zero annual 
amplitude. Its depth varies from around 10 to 20 m in Antarctica (Vieira 
et al., 2010). Biskaborn et al., 2019 reported a non-significant warming 
trend of 0.37 + − 0.1 ◦C in the period 2008–2016 for six of the sites 
(three in Western AP, one in EA, two in VL) involved to the study. The 
permafrost temperature varied from − 1.5 ◦C in the SSI up to ca. -19 ◦C in 
VL (Fig. 9) The variability of annual ground temperatures in the depths 
above the depth of zero annual amplitude is significantly greater in the 
colder regions of EA and VL then SSI (Fig. 9). Nevertheless, the mean 
annual ground temperature exhibits only small offset between surface 
and the deep part of profile suggesting high thermal stability of the first 
tens meter of permafrost. Notably, data from some of some boreholes 
deeper than 5 m suggest that permafrost is absent, which is the case of 
lower elevated parts on Hurd Peninsula on Livingston Island (Ferreira 
et al., 2017) and Palmer station in Western AP (Wilhelm et al., 2015). 

4.2. Spatio-temporal distribution of active layer thickness 

The ALT in Antarctica has higher regional variability than MAGT 
(Fig. 7). When considering the low-elevation (< 100 m a.s.l.) non- 
bedrock sites, the active layer follows the latitudinal gradient by thin-
ning of 3.7 cm/deg. (R2 = 0.64; p < 0.05). Similarly, to the latitudinal 
pattern, we found a strong and significant relationship (R2 = 0.6; p <
0.01) between the MAGT and ALT at the continental scale (Fig. 7c). The 
highest variability of ALT is in the warmest sites of SSI and South 

Fig. 7. The relationships between latitude and mean annual near-surface ground temperature and active layer thickness. The bars express standard deviance for each 
of the study region. The data in right figure represents individual years and was extracted from the studies presented in Tables 2-7. 



Orkneys where the local conditions clearly have a stronger effect than 
the temperature. The overall span of ALT observed in Antarctica is from 
3 cm in the coldest parts of VL (Adlam et al., 2010; Carshalton et al., 
2022) up to more than 500 cm in the bedrock sites in SSI and Western AP 
(Bockheim et al., 2013; Ferreira et al., 2017). 

In general, high intersite variability of ALT in order of tens of cen-
timetres is typical for each of the Antarctic regions (Fig. 7). Such a 
variability is mostly associated with specific in-situ factors such as local 
climate patterns and snow, lithology, topography, biota, and the hydric 

regime. The particular role of these factors is discussed in detail section 
4.3. As in the case of near-surface ground temperature, the altitudinal 
gradient of ALT was identified in MDV region to be ca. 2.5 cm/100 m for 
the altitudes between 50 and 1700 m a.s.l. (Adlam et al., 2010; Car-
shalton et al., 2022). 

Overall, the ALT on selected sites providing at least 7 years of data 
from different regions of Antarctica (Table 9) reaches comparable values 
of variation index as observed in sites across Arctic (e.g;Christiansen, 
2004; Shur et al., 2005; Smith et al., 2009) over similarly long 
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Fig. 9. Differences in the temperature profile on selected deep boreholes between South Shetlands (SSI; mean data from the period 2008 – 2016; Ramos, unpublished 
data) Western Antarctic Peninsula (WAP; mean data from the period 2009–2011; Guglielmin et al., 2014b), East Antarctica (EA, mean data from the period 2013 – 
2019; Abramov, unpublished data) and Victoria Land (VL, data from year 2009; Guglielmin et al., 2011). 



monitoring periods. However, unlike the sites in the northern hemi-
sphere, there is not a clear thickening or thinning trend of ALT in 
Antarctica. The active layer thinning was observed on several sites in AP 
and SSI in the period 2006 to 2015 (de Pablo et al., 2017, 2020; Ramos 
et al., 2017; Hrbáček and Uxa, 2020) and was associated to regional 
temperature cooling in the beginning of 21st century (Turner et al., 
2016; Oliva et al., 2017b). The most recent results, however, indicated 
that the cooling and thinning was turned to warming and thickening 
around 2013–2015 (Kaplan Pastíriková et al., 2023). The results from 
the network in Ross Sea Region indicates overall stable conditions 
during the period 2000–2018 (Carshalton et al., 2022), whereas Can-
none et al. (2021) found slight active layer thickening in the sites of 
Northern VL. When comparing to region in the northern hemisphere 
where the rapid active layer thickening is observed over last few decades 
(e.g. Xu and Wu, 2021; Strand et al., 2021, Blunden and Boyer, 2022; 
Smith et al., 2022) the ALT in Antarctica appear to be relatively stable in 
the last two decades. Our results show that the trends on the selected 
study sites were both thinning and thickening, but mostly statistically 
non-significant (Table 9). 

The thaw depth variability is well documented by CALM-S sites or 
similar experiments using probing for the active layer measurement. The 
thaw depth measurement in the SSI region exhibited much lower values 
than ALT and range from 12 to 53 cm and 23 to 36 cm on Livingston 
Island (de Pablo et al., 2014, 2017) and Deception Island (Ramos et al., 
2017), respectively. Here, the observed lower thaw depth values are 
influenced by logistic constraints (Guglielmin, 2006) and do not report 
the maximum values but the values typical for the certain period of the 
year. Thawing depths ranging from ca. 50 to 120 cm were observed on 
CALM-S on James Ross Island in Eastern AP (Hrbáček et al., 2017a, 
2017b, 2021a). Relatively high thaw depth variability (ca. 75 to 105 cm) 

was also reported by Mergelov (2014) from the transect in Larsemann 
Oasis in EA. In these sites the difference between probing depth and 
thermally derived ALT is small as the measurement timing was close to 
the natural seasonal ALT maximum (Hrbáček et al., 2017a). Even 
though the CALM-S grids provide important data on spatiotemporal 
dynamics of ALT, probe-based data has to be considered with the 
caution because in Antarctica stony soil materials may limit probe 
penetration and logistic constraints often prevent measurements at the 
time of maximum thaw when the active layer is the deepest (Guglielmin, 
2006). Therefore, it is necessary to support thaw depths from probing 
with continuous temperature logging to accurately define the ALT. 

4.3. Factors affecting active layer thermal regime and thickness in 
Antarctica 

4.3.1. Climate 
Air temperature is generally the most important parameter driving 

variability of the ground thermal regime worldwide (e.g.Lembrechts 
et al., 2022). Usually, near-surface ground temperature exhibits a high 
correlation with air temperature (r > 0.7) at daily, seasonal and annual 
time scales, which has been reported in all Antarctic regions (e.g. Michel 
et al., 2012; Lacelle et al., 2016; Kotzé and Meiklejohn, 2017; Hrbáček 
et al., 2020a). The only moderate correlations were reported for winter 
seasons when the surface was covered by thick snowpack (e.g. 
Guglielmin et al., 2012; Hrbáček et al., 2020a) or the site was densely 
vegetated (Cannone and Guglielmin, 2009). 

With regards to ALT, the most important controlling factor on James 
Ross Island corresponds to air temperatures during the summer, whereas 
only medium and non-significant correlation was found against winter 
temperatures (Hrbáček and Uxa, 2020). Adlam et al. (2010) found, that 
73% of ALT variability in the MDV can be explained by mean summer air 
temperature, mean winter air temperature, total summer solar radiation 
and mean and summer wind speed whereas the summer air temperature 
itself explained only 15%. 

The most pronounced effect of solar radiation on the active layer 
thermal regime was reported in the MDV and VL sites (Guglielmin and 
Cannone, 2012). The near-surface temperature in these regions exhibits 
higher correlations (> 0.9) than in other locations AP, EA and sub- 
Antarctic regions, where it shows weak to moderate correlation (0.3 
to 0.6; Lacelle et al., 2016; Kotzé and Meiklejohn, 2017; Hrbáček et al., 
2020a). The intensive incoming radiation can effectively warm the 
surface to temperatures >30 ◦C, especially in areas of dark coloured 
volcanic soils. As a result, unusually high seasonal rates of near-surface 
TDD exceeding even 800 ◦C⋅days and thawing n-factor value >40 were 
observed (Cannone and Guglielmin, 2009; Hrbáček et al., 2020a). Even 
though such TDD represent the highest values reported in Antarctica, 
the ALT was only reported between 40 and 60 cm. Many of the MDV 
soils have extremely low moisture contents, thus relatively low thermal 
conductivity. 

Snow cover seasonal duration and thickness is also an important 
factor affecting active layer dynamics in Antarctica. Areas with a rela-
tively thick (> 40 cm) and long-lasting snow cover during winter months 
had higher ground temperatures and deeper active layers during sum-
mer compared to snow-free sites (de Pablo et al., 2014, 2017; Oliva 
et al., 2017a). Therefore, snow is a potential factor triggering permafrost 
degradation, especially in the warmest regions with MAAT close to 0 ◦C 
(Hrbáček et al., 2020b). As well as the insulating effect of snow, other 
scenarios were reported. A thick winter snowpack exceeding 1 m was 
recognized to cause permafrost cooling (Guglielmin et al., 2014b). The 
presence of snow during the summer months may reduce (Hrbáček et al., 
2021a), or prevent, active layer thawing (Guglielmin et al., 2014a). The 
persistent presence of snow cover, exceeding 1 m, for a few years may 
promote permafrost aggradation and temporal disappearance of the 
active layer, as was observed in the SSI (Ramos et al., 2020). Long-lying 
snow patches also favour the presence or absence of the vegetation cover 
in ice-free areas as snow-melt supplies water and nutrients, enhancing 

Table 9 
The temporal variability of active layer thickness (ALT) on the selected sites.  

Site description Monitoring 
period 

Mean 
ALT 

Variation 
index* 

Trend 

Eastern Antarctic 
Peninsula; James 
Ross Island, Johann 
Gregor Mendel 1 

10 years 60 cm 11% +1.2 cm/yr 
(2011− 2020) 

South Shetlands, 
Deception Island, 
CALM-S Crater Lake2 

9 years 37.5 
cm+

17% − 1 cm/yr 
(2006–2014) 

South Shetlands, 
Livingston Island, 
Limnopolar Lake 3 

12 years 41 
cm+

29% +0.4 cm/yr 
(2009–2020) 

South Shetlands, King 
George Island, 
CALM-S 
Bellingshausen4 

10 years 62.5 
cm+

37% 0 cm/yr 
(2008–2019) 

East Antarctica, 
Schirmacher Oasis4 

9 years 82 
cm+

12% +2.7 cm/yr 
(2009–2018) 

Victoria Land, Ross Sea 
region, Marble 
Point5 

13 years 49 cm 16% − 0.5 cm/yr 
(2006–2018) 

Victoria Land, Ross Sea 
region, Victoria 
Valley5 

13 years 23 cm 9% − 0.05 cm/yr 
(2006–2018) 

Victoria Land, Ross Sea 
Region, Bull Pass5 

13 years 49 cm 11% − 0.17 cm/yr 
(2006–2018) 

Victoria Land, Ross Sea 
Region, Mina Bluff5 

12 years 23 cm 5% +0.04 cm/yr 
(2006–2018) 

Victoria Land, 
Northern Victoria 
Boulder Clay6 

7 years 30 cm 22% +1.75 cm/yr 
(2006–2013)  

* Calculated using equation in Hinkel and Nelson (2003) (mean ALT – max 
ALT) / mean ALT. 

+ Active layer measured by mechanical probing 1 Kaplan Pastíriková et al., 
2023; 2 Ramos et al. (2017); 3 de Pablo et al. (2018) and CALM site (2022); 
4Hrbáček et al. (2021a, 2021b) and CALM site (2022); 4 Carshalton et al. (2022); 
5 Cannone et al. (2021). 



soil formation and vegetation growth, and, may therefore, modify ALT 
distribution and thickness at a very local scale (Guglielmin et al., 
2014b). 

4.3.2. Lithology and geomorphology 
Besides climate, the specific local factors related to lithology or 

geomorphology, including soil texture, also play a role in active layer 
dynamics as they may affect soil thermal properties and/or moisture 
content. The effect of lithology has been studied in detail on James Ross 
Island, where ALT differences reached up to 40 cm across a short tran-
sect across two lithological units with large differences in soil thermal 
conductivity (Hrbáček et al., 2017a, 2017b, 2021a, 2021b). Certain 
lithological types, such as coarse-grained volcanic sediments, and 
varying albedo may explain ALTs that vary from regional averages. For 
example, the variable lithology on Deception Island is associated with 
ALTs in a range from between 30 and 40 cm (Ramos et al., 2017) up to 
100 cm (Goyanes et al., 2014), whereas ALTs exceed 100 cm in neigh-
bouring sites of the SSI (de Pablo et al., 2017; Ferreira et al., 2017; Oliva 
et al., 2017b). 

The most pronounced effect of lithology is related to observations in 
bedrock drilled boreholes, where the active layer is typically tens to 
hundreds of centimetres thicker than in loose material in the same areas. 
Such differences can be related to the higher thermal conductivity of 
bedrock. Reported thermal conductivity observed in bedrock sites across 
Antarctica varied between 2.6 and 4.3 Wm− 1 K− 1 (Guglielmin et al., 
2011; Correia et al., 2012; Wilhelm et al., 2015). In contrast, the thermal 
conductivity of soil or sediments was mainly lower than 1.0 W m− 1 K− 1 

(Hrbáček et al., 2017b; Kaplan Pastíriková et al., 2023) and even lower 
values, to 0.3 W m− 1 K− 1 were detected in very dry and porous soils (Liu 
et al., 2018). Higher thermal conductivities in bedrock potentially create 
favourable conditions for rapid thawing and deepening of the active 
layer. 

The geomorphological context may also explain local differences in 
active layer and permafrost characteristics (temperatures, thickness, 
distribution). The topographical setting and specific geomorphological 
features can, for example, significantly affect the redistribution of snow 
cover. Snow can accumulate in topographical depressions and around 
natural obstacles (Oliva et al., 2017b; Kňažková et al., 2020), and is also 
blown away from wind-exposed surfaces (Oliva et al., 2017b; Kavan 
et al., 2020). Landscape features, such as ice-cored moraines, can favour 
the development of a permafrost layer, even down to sea level in the SSI, 
where permafrost is generally absent at low altitudes (Oliva and Ruiz- 
Fernández, 2020, Correia et al., 2017; Ferreira et al., 2017). 

4.3.3. Biota 
In contrast to the Arctic or Alpine regions, vegetation is scarce or 

absent in most areas in Antarctica. Ice-free terrain corresponds mostly to 
bare ground. However, areas of dense vegetation cover have lower 
ground temperatures and thinner active layers than areas where vege-
tation is absent (Cannone and Guglielmin, 2009; Michel et al., 2012; 
Hrbáček et al., 2020a). The most apparent effect of moss carpets has 
been reported from Signy Island in sub-Antarctica, where the moss 
communities generally form thicker carpets, working as effective in-
sulators. The active layer under such conditions can be >100 cm thicker 
in bare ground conditions than under mosses (Hrbáček et al., 2020a). 
We may anticipate that the predicted “greening” of the warmest part of 
the AP will lead to the expansion of new vegetation communities (e.g. 
Siegert et al., 2019), which will potentially insulate the ground, and thus 
slow the impact of warming air temperatures on the soil thermal regime. 

4.3.4. Hydric regime 
Soil moisture is one of the most crucial parameters affecting the 

Antarctic environment in terms of biological (e.g. Convey and Peck, 
2019), geomorphological (Levy et al., 2011) or soil (e.g. Kennedy, 1993; 
Ugolini and Bockheim, 2008) evolution. Soil moisture contents also 
impact greatly on soil thermal conductivity and heat capacity, and thus 

ALT thickness. However, data on the temporal or spatial variability of 
soil moisture are almost missing from most of the continent. In the MDV 
there has been research focusing mostly on defining dry vs. 
ice-cemented permafrost starting in the 1970s/80s (e.g., Campbell et al., 
1994, 1997; Campbell and Claridge, 2006; Seybold et al., 2010). The 
phenomenon called “water tracks” have been shown to have a role in 
soil moisture spatial variability, and subsurface flow which impact on 
the soil’s physical and biogeochemical properties and thermal regime 
(Levy et al., 2011, Wlostowski et al., 2018). Information on soil moisture 
from other regions is scarce and often only descriptive, providing data 
on differences in water content between sites with varying lithologies 
and soil texture (Hrbáček et al., 2017a, 2017b), or a contrast between 
vegetated and bare ground conditions (Cannone and Guglielmin, 2009; 
Almeida et al., 2014; Hrbáček et al., 2020a). Antarctic soil gravimetric 
soil moisture contents can vary within a wide range from very dry 
conditions <5% (Mergelov et al., 2020) up to fully saturated soils with 
moisture content around 45–50% and to even greater than 100% where 
there are ice lenses. 

4.4. Surface and thermal offset 

The studied sites in Antarctica exhibited low thermal offsets mostly 
ranging from 0 to 3 ◦C (Table 10). Such values are lower than reported 
offsets summarized for Arctic tundra biomes, where they generally 
exceed 5 ◦C (Lembrechts et al., 2022). In the AP, we can clearly distin-
guish the offset differences between sites where prevails the effect of: 1) 
bare ground sites where the surface offset was generally positive 2) 
snow, that usually leads to increasing of the thermal offset with the only 
exception of Rothera where thick snow layer cooled the surface resulting 
in a negative thermal offset (Guglielmin et al., 2014b); 3) vegetation, 
where surfaces were cooler than adjacent bare-ground sites (e.g. 
Hrbáček et al., 2021a, 2021b) resulting in lower values thermal offset; 
(Table 10) 

In EA and the MDV, where the majority of study sites are bare 
ground, the major factor causing offset differences is presumably soil 
water content. The higher offset (+1 to+3 ◦C) is typical at sites with 
higher contents (e.g. Lacelle et al., 2016) whereas even negative offset 
can occur on the sites with negligible moisture (Seybold et al., 2010). 
Similarly, a negative thermal offset was reported by Kotzé and Meikle-
john (2017) from the cold-dry area in EA. 

The variation of thermal offsets is generally very low with the mean 
values between − 0.2 ◦C and + 0.2 ◦C. Some year-to-year variability of 
thermal offset was observed for example on James Ross Island and MDV 
region where the it usually ranges from − 1.0 to +0.5 ◦C (e.g.; Lacelle 
et al., 2016; Kaplan Pastíriková et al., 2023). The offset between the 
temperature on the top of the permafrost and the depth of zero annual 
amplitude was the highest on Larsemann Hills in EA (0.9 ◦C) whereas it 
was close to 0 ◦C in the remaining sites (Fig. 9). 

5. Research opportunities 

5.1. Monitoring site density and data availability 

Sites for monitoring the active layer and the topmost permafrost 
remain scarce in Antarctica. Vieira et al. (2010) estimated the total 
number of boreholes to 73 mostly located in the AP and MDV. In this 
overview, we identified more than 80 profiles deeper than 50 cm or 
reaching the permafrost table (Tables 2-6) providing temperature data 
for the active layer and the topmost permafrost. Yet, we expect the 
number of all boreholes installed in Antarctica is much higher, but un-
evenly concentrated within a few areas of interest. Similarly, the CALM- 
S sites are unevenly distributed across the continent. Even though there 
are 28 sites registered in Antarctica, data from only 9 sites has been 
shared from 2017 to 2022 in CALM-S database. Overall, increasing data 
availability and regional coverage is crucial for more comprehensive 
and reliable results of long-term active layer and permafrost changes. 



Another challenge for active layer research relies on establishing a 
denser network for continuous monitoring of soil moisture. Despite the 
well-known importance of soil moisture, systematic measurements or 
observations have been carried out only in the MDV to date with only 
few case studies in Antarctic Peninsula region (e.g. Michel et al., 2012; 
Thomazini et al., 2020). 

Finally, probably the biggest challenges related to monitoring site 
density relies on installing new deep boreholes, reaching at least the 
depth of zero annual temperature amplitude (likely to be 10–20 m deep) 
which is crucial for determining long-term changes in the permafrost 
(Biskaborn et al., 2019). Only a few boreholes are active in the SSI, 
Western AP regions and MDV and VL, which is insufficient to provide 
representative results for Antarctica. 

5.2. Modelling approaches 

According to recent predictions by Lee et al. (2017), the ice-free 
surfaces in Antarctica might increase by ca. 25% (17,000 km2) by 
2100. The vast majority of the potentially newly exposed area is likely to 
be located in the AP, where the ice-free surfaces may double their extent. 
The newly deglaciated areas will, therefore, provide a research chal-
lenge in terms of their geo-ecological development including active 
layer and permafrost related topics. The connection between different 
land-systems should be further addressed in future studies. The cold/ 
warm-based (or polythermal) character of glaciers in some of the 
warmest regions in Antarctica (i.e.; SSI, Western AP, South Orkneys) 
may explain the presence or absence of permafrost once glaciers retreat. 
However, permafrost may form in some proglacial environments 
following deglaciation, as MAAT in glacier margins may range between 
− 2 to − 4 ◦C. 

A more complex evaluation of the driving factors’ that influence 
active layer temperature and thickness, and their mutual complemen-
tarity has not yet been sufficiently investigated. Notably, published 
studies often have spatial (one or two sites) and temporal limitations 
(less than five years long datasets). Some recent reports evaluating 
longer-term observations have, so far, shown opposing trends of the 
active layer and uppermost permafrost cooling in the AP (Ramos et al., 
2017; Hrbáček and Uxa, 2020) compared to a general warming trend of 
the permafrost at a depth of zero annual amplitude (Biskaborn et al., 
2019) observed over the similar study period (2006–2015). The 
mismatch may be because decadal datasets are insufficient to provide 
statistically significant trends (Hrbáček and Uxa, 2020), and there is 
also, generally, large diversity between the ice-free surfaces of 
Antarctica. 

One possible solution for dataset spatial and temporal extension 
could be the implementation of high-resolution permafrost models. 
Several studies have only used the TTOP (Temperature at the Top of 
Permafrost) or derived Cryogrid-1 models for modelling the permafrost 
temperature (Ferreira et al., 2017; Hrbáček et al., 2020b; Obu et al., 
2020; Kaplan Pastíriková et al., 2023). The models of Gold and 
Lachenbruch; Stefan; and Kudryavtsev have been used to estimate the 
active layer thickness (Guglielmin and Cannone, 2012; Wilhelm et al., 
2015; Uxa, 2016; Hrbáček and Uxa, 2020; Hrbáček et al., 2020a; Kaplan 

Pastíriková et al., 2023) or ground thermal regime (Liu et al., 2018; 
Wlostowski et al., 2018). The models reproduce active layer and 
permafrost conditions at various temporal (e.g. Liu et al., 2018; Hrbáček 
and Uxa, 2020) and spatial scales (Obu et al., 2020). A possible reason 
for limited modelling within permafrost research might be a prevailing 
lack of knowledge of soil physical properties, particularly, soil moisture 
and thermal properties (thermal conductivity and heat capacity) 
represent the key input parameters for all of the above modelling ap-
proaches, and their precise assessment is crucial for accurate results 
(Hrbáček and Uxa, 2020). 

5.3. Geophysical surveying 

Geophysical surveying might be a key tool for identifying the 
permafrost presence, spatial distribution, or thickness, especially in 
areas with transition conditions between continuous – discontinuous or 
sporadic permafrost zones. Until now, only a few studies using different 
techniques have been undertaken. An electrical resistivity tomography 
survey revealed patches of thin sporadic permafrost on Livingston Island 
(Correia et al., 2017) and Deception Island (Goyanes et al., 2014). 
Further, detailed, automatic electrical resistivity tomography surveying 
of the active layer in Deception Island is planned to explore the spatial- 
temporal evolution over one year (Farzamian et al., 2020). Similarly, 
scarce is surveying with ground-penetrating radar, which was used for 
the detection of ALT spatial variability on James Ross Island (Hrbáček 
et al., 2021a), permafrost occurrence on SSI (Hauck et al., 2007), and the 
subsurface structures, including active layer and ground ice in MDV 
(Campbell et al., 2018. 

6. Conclusions 

In spite of some flaws, there has been obvious progress in permafrost 
and active layer research in Antarctica since the International Polar Year 
in 2007/08. This overview evaluated the current state of the research 
and discussed challenges for future research. On-going research is 
important to determine medium term (decadal) changes and to help 
better predict what changes may occur in the longer-term. In regions 
such as the South Shetland or sub-Antarctic Islands, where the mean 
annual temperature is close to 0 ◦C, small changes in climate may lead to 
marked changes in soil processes as the balance between liquid water 
and ice within the soil changes. However, in regions where MAATs are 
markedly below 0 ◦C, and where presence of liquid water is scarce, such 
as the McMurdo Dry Valleys, changes are likely to be less marked. 

The mean annual, near-surface, ground temperature ranges from 
around − 1 to − 3 ◦C in the South Shetlands up to temperatures between - 
14 ◦C and − 24 ◦C in Victoria Land. The latitudinal gradient for the sites 
near to sea level is 0.9 ◦C/deg. In the McMurdo Dry Valleys area, we also 
observed an altitudinal gradient of near-surface ground temperature of 
0.6 ◦C/100 m. Even though we identified many parameters which have a 
clear impact on the active layer thermal regime, the differences in sur-
face and thermal offsets for the sites under the influence of variable 
factors was relatively low. Similarly, to near-surface, the permafrost 
temperature ranges from ca. -1.5 ◦C in the South Shetlands to ca - 19 ◦C 

Table 10 
The mean values of the surface and thermal offset for the Antarctic region. The threshold of 10% moisture (Seybold et al., 2010) was used for the definition of dry vs. 
wet sites for the Victoria Land region. N/A reports the non-available information.  

Area Surface offset Thermal offset 

Bare ground Snow Vegetation Bare ground Snow Vegetation 

SSI and WAP 1.29 ± 0.36 2.0 ± 0.33 0.81 ± 0.4 +0.02 ± 0.16 +0.25 ± 0.17 +0.16 ± 0.26 
EAP 1.08 ± 0.6 N/A 0.2 ± 0.42 − 0.10 ± 0.42 N/A N/A 
EA − 0.3 ± 0.1 N/A N/A N/A N/A N/A 
VL (dry sites) 0.23 ± 1.13 N/A N/A − 0.15 ± 0.34 N/A N/A 
VL (wet sites) 1.67 ± 0.65 N/A 1.3 ± 1.0 − 0.22 ± 0.45 N/A N/A 
sub-Antar 1.41 ± 0.56 N/A 1.63 ± 0.68 N/A N/A N/A  
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in the McMurdo Dry Valleys. Notably, the thermal offset between the top 
of the permafrost table and the depth of zero annual amplitude was not 
for any of the studied sites. 

The active layer thickness was spatially variable and sensitive to 
local driving factors like air temperature, global radiation, snow 
occurrence, topography, lithology, soil moisture or vegetation. The 
highest spatial variability of active layer thickness was in the South 
Shetlands and Antarctic Peninsula regions (ca. 45 to >500 cm) and the 
lowest is in Victoria Land (ca. 5 to 90 cm). The index of active layer 
thickness variation was between 9 and 37% on the sites with long term 
monitoring. When considering the low elevation sites, we identified a 
mean latitudinal gradient of 3.7 cm/deg. In the McMurdo Dry Valleys, 
the altitudinal gradient was reported as reaching 2.5 cm/100 m. 

Our study also reveals some challenges for future research. There is a 
lack of results allowing more detailed evaluation of long-term variability 
of the ground thermal regime. Such results are limited only to a few 
regions, which currently prevents reliable analysis for the entire conti-
nent from being undertaken. Further, very little is known about soil 
moisture, which should be, especially in harsh conditions of Antarctica, 
one of the most important parameters influencing the soil thermal 
regime, active layer thickness, ground thermal parameters, and vege-
tation distribution. Due to general remoteness of the individual study 
areas in Antarctica, we should emphasize that international cooperation 
is necessary for further successful progress in active layer and perma-
frost research in Antarctica. 
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