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Preface

This thesis summarizes my research activities on topic of active layer thermal regime and
thickness which I conducted over past decade on James Ross Island and other regions of
Antarctica. My research activities on James Ross Island can be divided into two phases. The
initial stage of my research (2015-2020) was focused on identifying the interactions between
the active layer and factors like climate conditions (air temperature, snow cover), lithology, and
vegetation. These findings were published as a set of case studies (Papers 1-6), which provided
the foundation for further research directions. Since 2020, our research has shifted to focus
more on long-term data evaluation, modelling, and a complex understanding of the effects of
soil physics on the active layer thermal regimes (Papers 7-12). Thanks to international
collaboration with scientists working in other parts of Antarctica, we were able to utilize our
results from James Ross Island and interpret them more thoroughly, drawing from data and
knowledge from other Antarctic regions (Papers 13-16). The aim of this thesis is to provide
comprehensive summary of following 16 scientific papers which documents the best

my research on active layer thermal regime and dynamics in Antarctica

Paper 1:

Hrbacdek, F., Laska, K., Engel, Z., (2016): Effect of snow cover on the active-layer thermal
regime — a case study from James Ross Island, Antarctic Peninsula. Permafrost and Periglacial
Processes, 27(3), 307-315. https://doi.org/10.1002/ppp.1871

Author contribution: 60 % (writing, data analysis)

Paper 2:

Hrbacek, F., Oliva, M., Laska, K., Ruiz-Fernandez, J., de Pablo, M. A., Vieira, G., Ramos, M.,
& Nyvlt, D. (2016). Active layer thermal regime in two climatically contrasted sites of the
Antarctic Peninsula region. Cuadernos de Investigacion Geografica, 42(2), 457-474.
https://doi.org/10.18172/cig.2915.

Author contribution: 70 % (writing, concept, data analysis)

Paper 3:

Hrbacek, F., Nyvlt, D., Laska, K., (2017): Active Layer Thermal Dynamics at Two
lithologically Different Sites on James Ross Island, Eastern Antarctic Peninsula. Catena,
149(2), 592-602. https://doi.org/10.1016/j.catena.2016.06.020

Author contribution: 75 % (writing, concept, data analysis, fieldwork)

Paper 4:

Hrbacek, F., Knazkova, M., Nyvlt, D., Laska, K., Mueller, C.W., Ondruch, J., (2017): Active
layer monitoring at CALM-S site near J.G. Mendel Station, James Ross Island, eastern
Antarctic  Peninsula.  Science of the Total Environment, 601, 987-997.
http://dx.doi.org/10.1016/j.scitotenv.2017.05.266

Author contribution: 70 % (writing, concept, data analysis, fieldwork)



https://doi.org/10.1002/ppp.1871
https://doi.org/10.18172/cig.2915
https://doi.org/10.1016/j.catena.2016.06.020
http://dx.doi.org/10.1016/j.scitotenv.2017.05.266

Paper 5:
Knazkova, M., Hrbaédek, F., Kavan, J., & Nyvlt, D. (2020). Effect of hyaloclastite breccia

boulders on meso-scale periglacial-aeolian landsystem in semi-arid Antarctic environment,
James Ross Island, Antarctic Peninsula. Cuadernos de Investigacion Geografica, 46(1), 7-31.
https://doi.org/10.18172/cig.3800

Author contribution: 20 % (concept, writing, fieldwork)

Paper 6:
Hrbacdek, F., Cannone, N., Kinazkova, M., Malfasi, F., Convey, P., Guglielmin, M., (2020):

Effect of climate and moss vegetation on ground surface temperature and the active layer among
different  biogeographical  regions in  Antarctica.  Catena, 190, 104562.
https://doi.org/10.1016/j.catena.2020.104562

Author contribution: 50 % (concept, writing, data analysis, fieldwork)

Paper 7:
Hrbacek, F., Uxa, T., 2020. The evolution of a near-surface ground thermal regime and

modeled active-layer thickness on James Ross Island, Eastern Antarctic Peninsula, in 2006-
2016. Permafrost and Periglacial Processes, 31(1), 141-155.
https://doi.org/10.1002/ppp.2018A

uthor contribution: 50 % (concept, writing, fieldwork, data analysis)

Paper 8:
Hrbacek, F., Engel, Z., Knazkova, M., Smolikova, J. (2021). Effect of summer snow cover on

the active layer thermal regime and thickness on CALM-S JGM site, James Ross Island, eastern
Antarctic Peninsula. Catena, 207, 105608. https://doi.org/10.1016/j.catena.2021.105608
Author contribution: 45 % (writing, concept, data analysis, fieldwork)

Paper 9:
Hrbacdek, F., Knazkova, M., Farzamian, M., Baptista, J. (2023). Variability of soil moisture on

three sites in the Northern Antarctic Peninsula in 2022/23. Czech Polar Reports, 13 (1), 10 —
23. https://doi.org/10.5817/CPR2023-1-2
Author contribution: 60 % (writing, concept, data analysis, fieldwork)

Paper 10:
Knazkova, M., Hrbacek, F. (2024). Interannual variability of soil thermal conductivity and

moisture on the Abernethy Flats (James Ross Island) during thawing seasons 2015-2023.
Catena, 234, 107640, https://doi.org/10.1016/j.catena.2023.107640

Author contribution: 20 % (concept, fieldwork, supervision)

Paper 11:
Kaplan Pastirikova, L., Hrbaédek, F., Uxa, T., Laska, K. (2023). Permafrost table temperature

and active layer thickness variability on James Ross Island, Antarctic Peninsula, in 2004—2021.
Science of the Total Environment, 869, 161690.
http://dx.doi.org/10.1016/j.scitotenv.2023.161690

Author contribution: 20 % (concept, supervision, fieldwork, data analysis)
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https://doi.org/10.1002/ppp.2018A
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https://doi.org/10.5817/CPR2023-1-2
https://doi.org/10.1016/j.catena.2023.107640
http://dx.doi.org/10.1016/j.scitotenv.2023.161690

Paper 12:
Hrbacdek, F., Knazkova, M., Laska, K., Kaplan Pastirikovd, L., (accepted). Active layer

warming and thickening on CALM-S JGM, James Ross Island, in the period 2013/14-2022/23.
Permafrost and Periglacial Processes. https://doi.org/10.1002/ppp.2274

Author contribution: 70 % (writing, concept, data analysis, fieldwork).

Paper 13:
Hrbacek, F., Oliva. M., Ruiz-Fernandez, J., Knazkova, M., de Pablo, M.A. et al., (2020).

Modelling ground thermal regime in bordering (dis)continuous permafrost environments.
Environmental Research, 181, 108901. https://doi.org/10.1016/j.envres.2019.108901

Author contribution: 70 % (writing, concept, data analysis)

Paper 14:
Obu, J., Westermann, S., Vieira, G., Abramov, A., Balks, M.R., Bartsch, A., Hrbacek, F.,

Kaab, A., Ramos, M., (2020): Pan-Antarctic map of near-surface permafrost temperatures at 1
km(2) scale. The Cryosphere, 14(2), 497 - 519. https://doi.org/10.5194/tc-14-497-2020
Author contribution: <10 % (methods, data analysis)

Paper 15:
Hrbacdek, F., Vieira, G., Oliva, M., Balks, M., Guglielmin, M., de Pablo, M.A., Molina, A.,

Ramos, M., Goyanes, G., Meiklejohn, 1., Abramov, A., Demidov, N., Fedorov-Davydov, D.,
Lupachev, A., Rivkina, E., Laska, K., Kiiazkova, M., Nyvlt, D., Raffi, R.,Strelin, J., Sone, T.,
Fukui, K., Dolgikh, A., Zazovskaya, E., Mergelov, N., Osokin, N., Miamin, V., 2021. Active
layer monitoring in Antarctica: an overview of results from 2006 to 2015. Polar Geography, 44
(3), 217-231. https://doi.org/10.1080/1088937X.2017.1420105

Author contribution: 60 % (writing, concept, data analysis)

Paper 16:
Hrbacek, F., Oliva, M., Hansen, C., Balks, M., O'Neill, T.A., de Pablo, M.A., Ponti, S., Ramos,

M., Vieira, G., Abramov, A., Kaplan Pastirikova, L., Guglielmin, M., Goyanes, G., Francellino,
M.R., Schaefer, C., Lacelle, D., 2023. Active layer and permafrost thermal regimes in the ice-
free areas of Antarctica. Earth Science Reviews, 242, 104458.
https://doi.org/10.1016/j.earscirev.2023.104458

Author contribution: 50 % (writing, concept, data analysis).
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https://doi.org/10.5194/tc-14-497-2020
https://doi.org/10.1080/1088937X.2017.1420105
https://doi.org/10.1016/j.earscirev.2023.104458

1 Introduction

The active layer and permafrost are crucial components of periglacial environments in the ice-
free areas of Antarctica (e.g., Guglielmin, 2012; Lépez-Martinez et al., 2012). Changes in
parameters such as permafrost temperature and active layer thickness (ALT) serve as important
indicators of climate change, as these parameters are highly sensitive to climate variability (e.g.,
Anisimov et al., 1997; Romanovsky et al., 2010; Vieira et al., 2010; Guglielmin and Cannone,
2012). Moreover, permafrost temperature and ALT are considered among the Essential Climate
Variables proposed by the World Meteorological Organization to track climate change's
impacts on permafrost systems. Thus, investigating these parameters is crucial for assessing
how climate change affects the Antarctic ice-free environments. The potential sensitivity of
active layer stability could result in significant changes to Antarctic terrestrial ecosystems,

leading to permafrost degradation, soil alteration, and shifts in vegetation patterns.
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Figure 1. Extension of ice-free areas in Antarctica. Data source: Antarctic Digital Database

(2024), rock outcrop polygon was used in medium resolution.



In Antarctica, ice-free areas are fragmented into small, separate oases, covering approximately
45,000 to 55,000 km?, or around 0.2% of the entire Antarctic continent (e.g., Brooks et al.,
2019; Hrbacek et al., 2023a, Figure 1). These oases create a heterogeneous environment,
ranging from small rock outcrops or nunataks smaller than 0.1 km? to relatively large oases
extending over 100 km? The ice-free landscapes are strongly influenced by a variety of
periglacial, paraglacial, and glacial processes, which operate on timescales from just a few years
in newly exposed areas to millions of years on the oldest ice-free surfaces, such as those in the
McMurdo region (e.g., Marchant et al., 2002). Notably, these ice-free areas are the only
locations in Antarctica where the active layer can be found. Traditionally, the active layer is
thermally defined as the soil layer with temperatures above 0°C, subject to annual cycles of
thawing and refreezing (Figure 2). The active layer thickness (ALT) in Antarctica varies widely,
from less than 5 cm in the high-elevation sites of the McMurdo Dry Valleys to over 500 cm in
bedrock-formed sites of the Antarctic Peninsula (Vieira et al., 2010; Bockheim et al., 2013).
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Figure 2. Thermal profile of the active layer and permafrost (Noetzli and Gruber, 2005).

Unlike the distribution of the active layer, the presence of permafrost in Antarctica remains a
somewhat debated topic. According to the classical definition, permafrost is “a material with a
temperature below 0°C for at least two consecutive years” (Muller, 1943), and based on this,
permafrost is widespread across nearly all of Antarctica, including areas beneath the ice sheet.
From a physical perspective, the ground beneath glaciers can be either frozen or unfrozen,
depending on the thermal regime of the glacier. Below cold-based glaciers, the ground remains
frozen, while beneath warm-based glaciers, it is unfrozen. However, even in these cases, the
temperature at the base of warm glaciers often remains below 0°C, and this is referred to as
“cryotic ground” (van Everdingen, 1976). To date, detailed information about the thermal state
of the ground beneath glaciers is limited, with most available data derived from geophysical
surveys and modelling, primarily conducted as part of glaciological studies (e.g., Burton-
Johnson et al., 2020). In the ice-free areas, permafrost typically has a thickness of less than 5 m

in the South Shetlands, up to more than 1000 m in Victoria Land. The only regions where



permafrost is considered to be discontinuous or sporadic are the low-elevation parts of the South
Shetland Islands and the western Antarctic Peninsula. These findings are based on modelling
the temperature at the top of the permafrost (Ferreira et al., 2017) and geophysical surveying
(Correia et al., 2017).

The thermal dynamics of the active layer are a key indicator of how terrestrial environments
respond to climate change. Over the past few decades, numerous case studies have explored
various aspects of the active layer thermal regime, ALT, and permafrost temperatures in
different parts of Antarctica. These studies have provided insights into general patterns of the
active layer and examined the role of factors such as general climate conditions (e.g., Adlam et
al., 2010, Kotze and Meiklejohn, 2017), snow cover (Guglielmin et al., 2014a,b; de Pablo et al.,
2017; Tarca et al., 2022), and vegetation (Cannone and Guglielmin, 2009; Cannone et al., 2006,
2021). However, soil moisture has received relatively less attention, despite being considered
one of the key parameters shaping terrestrial ecosystems, particularly in terms of vegetation
abundance (Kennedy, 1993; Ugolini and Bockheim, 2009; Guglielmin et al., 2014a). Soil
moisture is also crucial as an agent driving factors such as the intensity of freeze-thaw cycles,
soil thermal properties variability, geomorphological processes, and pedogenesis. The notable
exceptions to this include the McMurdo area in Victoria Land, where soil moisture research has
been ongoing for several decades (e.g., Seybold et al., 2010; Levy et al., 2011; Ball and Levy,
2015). Recently, there has been a greater focus on soil moisture in research conducted on James
Ross Island (Hrbacek et al., 2023b; Knazkova and Hrbacek, 2024).

From the perspective of general understanding of the active layer thermal regime in Antarctica,
most of the studies published so far have been limited in both spatial and temporal scale, which
has resulted in findings that are somewhat scattered. The first comprehensive summary of
fragmented results from Antarctica was published by Vieira et al. (2010), who analyzed
advancements in active layer research during the International Polar Year (IPY) 2007—08 and
provided the first continental overview on the variability of active layer thickness (ALT) and
near-surface ground temperature in Antarctica. In the Antarctic Peninsula, the results regarding
the active layer and permafrost thermal regime were further summarized by Bockheim et al.
(2013), who also proposed the boundaries of permafrost presence.

The first assessment of longer continuous datasets of the active layer thermal regime from
multiple locations was provided by Hrbacek et al., (2021). In this work, the authors evaluated
results from active layer thickness and near-surface ground temperature monitoring conducted
at Circumpolar Active Layer Sites in Antarctica (CALM-S). Our most recent synthesis
(Hrbacek et al., 2023a), which summarizes results from over 80 studies post-IPY, provides the
current baseline knowledge of the active layer thermal regime in Antarctica. In this work, we
defined the spatial and temporal variability of near-surface ground temperature and ALT,

identified the major factors influencing the active layer thermal regime, and proposed possible
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future research directions for the active layer in Antarctica. The findings of this work are part

of this thesis and will be discussed in more detail in the following sections.

In contrast to the active layer, relatively little is known about permafrost temperatures.
Permafrost temperature is defined as the temperature at a depth of zero annual amplitude
(ZAA), typically located between 10 and 20 meters below the surface. The long-term change
in permafrost temperature is a reliable indicator of climate variability in sub-surface
temperatures. Measuring temperatures at this depth requires deep boreholes, making research
technically and logistically challenging. Currently, only a few operational boreholes exist in
Antarctica. The findings from these sites were included in a global synthesis of the thermal state
of permafrost by Biskaborn et al. (2019). Antarctic sites exhibited a strong warming trend;
however, the results were not statistically significant due to the limited number of monitoring

sites across the continent.
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2 Motivation and research objectives

The core area of my work is James Ross Island, located in the northeastern Antarctic Peninsula
region, which has provided a natural laboratory for testing different hypotheses and methods in
active layer research. The baseline for our research was set by the works of Vieira et al. (2010)
and Bockheim et al. (2013), which, however, provided very limited results from James Ross
Island. It became a significant research challenge to fill the gap in the map with our findings.
Another challenge was testing various hypotheses regarding the quantification of the effects of
a wide range of factors - such as climate, snowpack, vegetation, lithology, and geomorphology
- on the active layer thermal regime and thickness. The research hypothesis was often framed

using insights from regions such as the Arctic, South Shetlands, and McMurdo.

The thesis summarizes the findings on the topic of active layer thermal regime and thickness
on key study sites of James Ross Island as well as our research conducted in other parts of
Antarctica. I structured the work around three major objectives, each focused on addressing key

research questions:

Objective 1: To assess the variability of the active layer thermal regime and thickness on James

Ross Island.

e Research question: How do the thermal regime and thickness of the active layer vary across
different sites on James Ross Island, and what are the key factors influencing this
variability?

Objective 2: To develop and apply models for active layer thickness and permafrost

temperature prediction.

e Research question: What is the reliability and performance of the models used for
predicting active layer thickness and temperature on the top of permafrost in Antarctica?

Objective 3: To analyse the spatiotemporal variability of the active layer thermal regime across

Antarctica.

e Research question: What are the spatial variability and temporal trends in the active layer

thermal regime and thickness in Antarctica?
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3 Study area

The primary area of research presented in this thesis is James Ross Island, situated in the
northeastern part of the Antarctic Peninsula. The northern part of the Ulu Peninsula is the largest
ice-free area (approximately 310 km?) in the Antarctic Peninsula region (Figure 3, 4). This
relatively large ice-free area, which has been gradually extending throughout the Holocene (e.g.
Roman et al., 2024), combined with its diverse lithological and topographical conditions (e.g.
Micoch et al., 2020; Jennings et al., 2021), offers unique opportunities to investigate various
aspects of the active layer thermal regime and its spatial and temporal variability. In addition to
the research conducted on James Ross Island, several studies were also carried out using data

from sites on the South Shetlands (Figure 3).
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Figure 3. Regional setting of the northern Antarctic Peninsula (left) and James Ross Island
(right)

The climate of James Ross Island lies between cold oceanic and cold polar continental types
(King and Comiso, 2003). The mean annual air temperature (MAAT) near the JGM station was
—6.7 °C from 2004 to 2020 (Kaplan Pastirikova et al., 2023). Precipitation is influenced by the
orographic barrier of the Antarctic Peninsula and is estimated to range between 300 and 700
mm of water equivalent per year. Most of the precipitation falls as snow and is usually unevenly
distributed due to the effects of wind (Kavan et al., 2020). In comparison to other Antarctic
sites covered in this thesis, James Ross Island experiences a border climate. It is situated
between the oceanic climate of the South Shetlands (with a MAAT around —2.0 °C) and the
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cold polar continental climate of Victoria Land (with a MAAT of less than —15 °C). The climate
conditions at sites along the East Antarctica coastal area tend to be slightly colder, witha MAAT
around —10 °C.

Berry‘ﬁil Tb;p:j :

AWS-JGM
AWS-CALM

Bohemian Stream

Lachman Crags

Abernethy Flats

Figure 4. Landscape of Ulu Peninsula, the red triangles indicate the position of the key study
sites.

The research activities of Czech scientists focusing on the active layer in the Ulu Peninsula
began in 2005 with the installation of the first temporary stations for soil temperature
monitoring. In 2006, continuous measurements of active layer temperature were initiated near
the Johann Gregor Mendel station (AWS-JGM) and at the site at Abernethy Flats (Figures 3, 4,
5). Currently, the network includes > 10 stations located in various parts of the Ulu Peninsula,
alongside three CALM-S sites providing spatial data on active layer thaw depth (Figures 3, 4,
5). Since 2016, several research papers have been published detailing the results on the spatial-

temporal variability of the active layer thermal regime and thickness on James Ross Island.
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4 Data and methods

The thesis incorporates a range of field, analytical, and laboratory techniques that are well-
established and widely used in active layer and permafrost research. In general, most data were
collected from automatic weather stations, which provided continuous measurements of various
atmospheric and soil parameters. Given the differing study sites, methods, and datasets used

across the studies, I summarize the research methods and datasets for each paper in Table 1.

Table 1. Summary of the methods used in the presented papers.

Study area Method Datasets
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Paper 1 (Hrbacek et al., 2016a)

Paper 2 (Hrbacek et al., 2016b)

Paper 3 (Hrbacek et al., 2017a)

Paper 4 (Hrbacek et al., 2017b)

Paper 5 (Knazkova et al., 2020)

Paper 6 (Hrbacek et al., 2020a)

Paper 7 (Hrbacek and Uxa, 2020)

Paper 8 (Hrbacek et al., 2021a)

Paper 9 (Hrbacek et al., 2023b)

Paper 10 (Knazkova and Hrbacek, 2024)
Paper 11 (Kaplan Pastirikova et al., 2023)
Paper 12 (Hrbacek et al., 2025)

Paper 13 (Hrbacek et al., 2020b)

Paper 14 (Obu et al., 2020)

Paper 15 (Hrbacek et al., 2021b) 11
Paper 16 (Hrbacek et al., 2023a) >20

GNP WNRPEOWNNNEINgmber of study sites

4.1 Air and ground temperatures

In all studies, we used datasets of soil and air temperature, primarily measured with resistance
thermometers featuring a high accuracy of +£0.15 °C. On James Ross Island, this monitoring is
standardized to measure air temperature at 2 m above the ground and soil temperature at depths
of 5, 10, 20, 30, 50, and 75 cm, with additional measurements at 100, 150, and 200 c¢m at several
sites (Figure 5).

Temperatures were most often analysed at various temporal scales, ranging from 30-minute
records to annual data. Daily mean temperature values were used to calculate Thawing Degree
Days (TDD) and Freezing Degree Days (FDD), which summarize cumulative positive and
negative temperatures of air and ground over the summer and winter seasons, respectively (e.g.,
Riseborough, 2003). These indices are among the most commonly used metrics in active layer
and permafrost research. Additionally, TDD and FDD served as key temperature inputs for the
models used to predict active layer thickness (ALT) and temperature at the top of the permafrost
table.
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Figure 5. Detailed picture of the key study sites on James Ross Island.
4.2 Active layer thickness

Soil temperature data were also used to determine the depth of the 0 °C isotherm, representing
the annual maximum ALT for each year (Figure 2). This calculation was performed using linear
interpolation between the maximum annual temperature recorded at the deepest sensor with a
temperature > 0 °C and the next sensor with a maximum temperature < 0 °C. In cases where
thermometers were not installed in the permafrost table, ALT was extrapolated using a

logarithmic fit based on at least three of the deepest sensors within the active layer.

Mechanical probing of thaw depth was the second approach used to determine the annual ALT.
Probing is one of the primary monitoring methods employed at Circumpolar Active Layer
Monitoring (CALM) sites. The CALM protocol provides standardized guidelines for measuring
ALT (Brown et al., 2000). In Antarctica, this protocol was adapted into CALM-S to account
for specific local conditions, such as coarse ground that may hinder mechanical probing,
logistical constraints, and challenges in timing measurements to capture the seasonal maximum
(Guglielmin, 2006).
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4.3 Soil physical properties

Beyond climatological variables, we analysed soil physical properties (including texture,
moisture, and thermal properties) in several studies. These data provide essential insights into
the lithological differences between study sites and help clarify the distinct effects of various
factors.

a) Soil texture:

We used soil texture data from study sites on James Ross Island, analysed in laboratories at the
Technical University of Munich. Fractions > 0.063 mm were assessed using analytical sieves,
while the finest fraction (< 0.063 mm) was measured using a Sedigraph.

b) Soil moisture:
We measured soil moisture using three different approaches:

Gravimetric Soil Moisture: Determined by drying soil samples (100 cm? volume) for 48 hours
at 105 °C.

Continuous Measurement of Volumetric Water Content (VWC): Conducted using TDR sensors
(CS655, Campbell Scientific) with a 12 cm probe length, installed at three or four depths

between 5 and 75 cm, depending on site-specific conditions.

Surficial VWC: Measured at the CALM-S JGM site using a Hydrosense II device with a TDR
CS659 sensor (Campbell Scientific).

¢) Soil thermal Properties:

Laboratory measurements of soil thermal conductivity, heat capacity, and thermal diffusivity
were performed using the ISOMET 2114 device (Applied Precision, Slovakia). Both intact and
bulk samples, with a minimum volume of 750 cm?, were collected from the surficial part (0-10
cm) and the middle part (approximately 30 cm) of the active layer.

Additionally, we modelled soil thermal conductivity using soil heat flux measurements (HFPO1
plate by Hukseflux, installed at 5 and 20 cm) combined with soil temperature data from the
same depths. The Least Squares Method trend-fitting was applied as a numerical solution to
Fourier's Law of Heat Conduction. This approach was used to calculate soil thermal
conductivity for the summer seasons from 2015/16 to 2022/23 at AWS-Abernethy Flats
(Knazkova and Hrbacek, 2024).
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5 Results and discussion

The results of our research are further presented according to the main objectives mentioned in
Section 2.

5.1 Objective 1: Active layer thermal regime and thickness on James Ross Island

We used the Ulu Peninsula on James Ross Island as a natural laboratory, enabling a detailed
study of various aspects of active layer thermal dynamics and thickness variability. This thesis
summarizes 12 studies conducted at four sites on James Ross Island (Figure 3), covering the
period from 2004 to 2023 and addressing five key research topics (Table 2). The results provide
essential insights into how the active layer responds to local environmental conditions.
Furthermore, they offer valuable contributions to the broader understanding of active layer

changes on a continental scale in Antarctica.

Table 2. Summary and timeline of the papers from James Ross Island used in this thesis

< n Yo} ~ 0 (o] o — (@] o < n e} N~ o0 [e)] o —l N (2]
Study site S 8 838 38 8 3 58 5 8 9 5 90 9 5 o0 8 8 & 8
(V] (V] o ()] (V] (V] (V] (V] o (V] (V] (V] (V] (V] o ()] (V] (V] (V] (V]
Paper 1
Paper 4
AWS-JGM and Paper 8
AWS-CALM Paper 15
Paper 11
Paper 12
Paper 2
Paper 3
Abernethy Flats Paper 5
Paper 7
Paper 10
Berry Hill slopes Paper 3
Cape Lachman Paper 6

Considering the diverse range of topics addressed on James Ross Island, I divided Objective 1
into the following sub-chapters:

o Spatio-temporal changes in the active layer thermal regime and thickness on James Ross
Island

o The effect of local conditions on the active layer

o Active layer thickness variability at CALM-S JGM

5.1.1 Spatio-temporal changes of active layer thermal regime and thickness

This section summarizes findings on air and ground temperatures, as well as active layer
thickness, based on individual case studies (Table 2). Since 2006, we have observed substantial
variability in mean annual air temperature (MAAT) and mean annual ground temperature
(MAGT) on James Ross Island. At low-elevation sites (< 60 m a.s.l.), MAAT ranged from
—3.0°C to —9.5°C. Similarly, MAGT exhibited significant variability, ranging from —2.5°C to
—9.0°C at 5 cm depth and —3.5°C to —8.5°C at 50 cm depth (summary of Papers 1—12). This

high interannual variability is characteristic of the northeastern Antarctic Peninsula, as
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documented by long-term monitoring records from Marambio and Esperanza stations (Turner
et al., 2020).

The longest MAGT dataset comes from Abernethy Flats (45 m a.s.l.), a representative site for
the lowlands in the central Ulu Peninsula (Figure 4, 5). Between 2006 and 2023, the site
recorded a MAAT of —6.0°C, while MAGT ranged from —5.7°C (5 cm) to —6.0°C (50 cm)
(Papers 7, 10, Figure 6). The mean daily air and ground temperatures varied annually between
—25°C and +5°C, with extreme values dropping below —30°C and exceeding +10°C (Figure 6).
We observed an increasing trend between 1.43°C/decade (MAGT at 50 cm) and 1.93 °C/decade
(MAAT). Such a warming air temperature trend is higher than we observed on AWS-JGM
(+0.6 °C/decade) in the period 2004-2020 (Paper 11).

Compared to other monitoring sites on James Ross Island, MAAT and MAGT at Abernethy
Flats closely resembled values at AWS-JGM, AWS-CALM (Paper 11,12) and AWS-Cape
Lachman (Paper 6). but was slightly lower (by a few tenths of a degree) than at AWS Berry
Hill slopes (Paper 3).
15
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Figure 6. Variability of mean daily (top) and mean annual (bottom) air temperature (AT) and
ground temperature at depths of 5 cm (GT5) and 50 cm (GT50) on AWS-Abernethy Flats from
2006 to 2023. Results from Papers 7 and 10.
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Despite the relatively similar MAAT and MAGT across sites, we observed distinct differences
in ALT. The thickest active layers were found at AWS Berry Hill slope and AWS-CALM,
where ALT typically ranged from 85 to 95 cm (Figure 7). In contrast, much thinner active layer
was recorded at AWS-JGM, with a long-term (2011-2023) ALT mean of 60 cm (Papers 11,
12). The lowest ALT were observed on moss-covered part of AWS-Cape Lachman (Paper 6;
see more in section 5.1.2). The interannual variability in active layer temperatures and ALT
exhibited a strong correlation (r > 0.8) with mean summer air temperatures. However, the
relationship between ALT and mean annual air temperatures was only moderate (r < 0.7) and

statistically non-significant (Papers 7, 11, 12).
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Figure 7. Variability of ALT on selected study sites of James Ross Island. Composition of
results published in Papers 1-12

In the initial phase of our research, MAGTs and ALTs were strongly influenced by the short-
term cooling period that occurred in the Antarctic Peninsula between 2000 and 2015 (Turner et
al., 2016; Oliva et al., 2017a; Bozkurt et al., 2020). This atmospheric cooling led to the thinning
and cooling of the active layer, a trend observed at multiple sites across the Antarctic Peninsula
(Olivaet al., 2017; Ramos et al., 2017). The cooling peaked around 2011 on James Ross Island
(Paper 11). Although temperatures have risen since then, the MAAT from 2011 to 2015
remained below the long-term average. The warming trend persisted until 2022, the warmest
year on record for James Ross Island (Papers 10, 11, 12; Dunn et al., 2023).

The gradual increase in air temperatures during the summer months led to significant thickening
and warming of the active layer between 2016 and 2023 at Abernethy Flats (Paper 10, Figure
7). Similarly, an ALT increase of 15 cm/decade at AWS-JGM and 11 cm/decade at AWS-
CALM was observed from 2014 to 2023 (Paper 12). During the summer of 2022/23, the
deepest active layer was recorded at the major study sites (Papers 11,12; Figure 7). These
results support the hypothesis that ALT is highly sensitive to climate variability, reinforcing its
role as an indicator of regional climate change in the Antarctic Peninsula (Bockheim et al.,
2013)
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5.1.2 The effect of local conditions on active layer variability

The differences in ALT at sites with similar air and near-surface temperatures clearly highlight
the role of site-specific conditions. The assessment of factors influencing the active layer
thermal regime and thickness was a key objective of Paper 16. In this study, the major groups

of factors affecting the active layer thermal regime were identified as follows:
Climate conditions

Lithology and geomorphology
Biota

O O O O

Hydric regime

This chapter summarizes findings from case studies conducted on James Ross Island and the
South Shetland Islands, providing insights into the specific characteristics of these regions.
Additionally, it discusses how these studies have contributed to the broader understanding of

surface—active layer interactions across Antarctica.

5.1.2.1 Climate conditions

Climate conditions are naturally the most critical factor influencing soil temperatures. In
particular, near-surface temperatures exhibit a strong interaction with atmospheric conditions
and can be moderated by snow cover. In our research, we focused on evaluating the effects of
air temperature, solar radiation, and snow cover on the thermal regime and thickness of the
active layer. However, the role of precipitation and wind speed has not yet been analysed in
detail.

1) Air temperature

Air temperature is generally the dominant factor influencing ground thermal regime variability
worldwide (Lembrechts et al., 2022). In many Antarctic sites, a strong correlation (r > 0.7) has
been observed between daily air and ground temperatures (Guglielmin, 2006; Kotze and
Meiklejohn, 2017; Carshalton et al., 2022; Paper 3). This correlation is particularly evident in
areas with bare-ground surfaces and irregular snowpack occurrence. In contrast, moderate to
weak correlations (r < 0.7) are primarily influenced by snow cover (Papers 1,2) or vegetation
(Paper 7, Cannone et al., 2006). These elements act as insulating layers due to their low thermal

conductivity, reducing direct heat transfer between air and ground.

Additionally, in Papers 7, 10, 11 and 12, we analyzed the relationship between ALT and air
temperature at seasonal (summer/winter) and annual levels. Our findings revealed a) very
strong correlation (r > 0.8) between ALT and summer air temperatures, b) moderate correlation
(r = 0.5) between ALT and winter or annual air temperatures. This highlights that summer air
temperature plays a critical role in controlling active layer thickness, while winter and annual

temperatures have a less direct influence.
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2) Solar radiation

Solar radiation plays a pronounced role in high-polar regions, particularly in areas like Victoria
Land, where near-surface ground temperatures often show a very high correlation (> 0.9) with
solar radiation. In these regions, solar radiation can significantly contribute to maximum
surficial temperatures, which can sometimes exceed 30 °C (Guglielmin and Cannone, 2012).
The seasonal rates of TDDg (ground) can even surpass 600 °C.days, despite the TDDa (air)
being below 50 °C.days (Paper 6, Cannone and Guglielmin, 2009). However, the effect of solar
radiation in other parts of Antarctica decreases and typically exhibits moderate (0.5 to 0.6) or
weak (0.3 to 0.5) correlations. The strength of this correlation often depends on cloudiness in

the region or the surface type (Paper 6).
3) Snow cover

Snow cover is a highly effective insulator due to its low thermal conductivity. It is generally
assumed that a snow thickness of about 40 cm is sufficient to fully insulate the ground from the
atmosphere (Zhang, 2005). Our initial research on James Ross Island focused on assessing the
effect of snow cover on the active layer thermal regime and thickness (Paper I). We
hypothesized that, similar to observations in the Arctic (Zhang et al., 1997) and Antarctic (de
Pablo et al., 2014), snow would significantly affect the active layer thermal regime.

We found that the snow cover on James Ross Island was relatively thin during winter, reaching
about 30 cm in height on AWS-JGM (Paper I). This observation serves as a basis for the
hypothesis that the snow-cover effect is negligible in general on James Ross Island. These
findings further supported the observation of high freezing n-factor values exceeding 0.9,
indicating good heat transfer between air and ground (Lunardini, 1978; Karunaratne and Burn,
2003). The freezing n-factor is a key indicator, suggesting that snow cover do not play a
significant role in this region, which was confirmed also on other sites of James Ross Island

where the n-factor value was usually > 0.9 (Papers 3 and 7).

The pronounced effect of snow was only observed under topographically induced conditions,
where winter warming of the ground occurred in areas with snow depths exceeding 50 cm
(Paper 5). In the summer of 2018, we also determined that a snowpack of about 30 cm, lasting
for 10 days during the high summer season, could reduce the ALT by approximately 10 cm
(Paper 8). However, this was a unique case observed only once in over a decade of monitoring
on James Ross Island. In the context of the Antarctic continent, the snow effect on active layer

variability can be summarized as follows (Paper 16):

a) Warming effect of snow:

This effect is typically observed in areas with relatively high MAAT and where snow cover
during the winter months is between 40 to 100 cm. Such conditions are common in the South
Shetlands area, where high snow accumulation is frequent (de Pablo et al., 2014, 2017; Ramos
et al., 2020). Our findings confirmed that near-surface ground temperatures at sites covered by
snow were, on average, about 0.7°C higher than at snow-free areas (Paper 16). Further, in Oliva

22



et al., 2017b, we observed thicker active layers in areas with greater snow depth, suggesting a

warming effect driven by snow.

b) Cooling effect of snow:

The cooling effect is typically observed at sites where long-lasting winter snow cover exceeds
100 cm, such as in Rothera on the Western Antarctic Peninsula (Guglielmin et al., 2014a). In
extreme cases, persistent snow patches can prevent the summer thawing of the active layer,
potentially leading to permafrost cooling and aggradation (Ramos et al., 2020). Additionally,

snow presence in the summer can also reduce ALT, as previously described in Paper 8.

5.1.2.2 Lithology and geomorphology

The evaluation of lithology and geomorphology effects on the active layer thermal regime was
a key aspect of our initial research on James Ross Island. We hypothesized that the variability
of soil texture and geochemistry parameters would significantly affect the soil thermal
properties and soil water holding capacity, which in turn would influence the variability of the
active layer thickness (ALT) and thermal regime in deeper parts of the active layer or topmost
permafrost. This hypothesis was first explored in Paper 3, where we compared conditions at
two sites: AWS-Berry Hill slopes and AWS-Abernethy Flats. The observed differences in ALT
were primarily attributed to variations in water content and calcite content, which resulted in
differences in soil thermal conductivity between these sites. A more pronounced response to
lithological differences was observed at the CALM-S JGM site, where the ALT varied by more
than 50 cm along the lithological gradient. This variability was quantified by measuring the
differences in thermal conductivity between the two dominant types of soil in the area (more

details in section 5.1.3).

Table 3. Soil physical properties on selected study sites of James Ross Island

Texture (%) ® A
Site Lithology Reference
Sand Silt | Clay (%) (Wm''K)

AWS-IGM Holocene marine terrace; sandy | 75 15 10 10-20 0.3-0.6 Hrbacek et al., 2019;

soil Papers 4, 11, 12
AWS-CALM Cretaceous sedimentary rocks 50 23 27 20-30 0.7-0.9

(Whisky Bay Fm.)
AWS-Abernethy | Cretaceous sedimentary rocks 53 22 25 15-25 0.5-0.8 Hrbacek et al., 2019;
Flats (Alpha Member, Santa Papers 6,7

Marta Fm.)
AWS-Berry Hill | Neogene glacigenic, glaciomarine | 62 22 16 25 0.9 Hrbacek et al., 2019
slopes and marine sedimentary rocks

(Mendel Fm.)

To quantify the differences in lithology on James Ross Island, we focused on analyzing and
modelling key soil physical parameters (such as thermal conductivity, moisture, and texture)
which are summarized in Table 3. This data allowed us to clearly distinguish between the

specific study sites, highlighting notable differences in ALT. Specifically, ALT was found to
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be lowest at AWS-JGM, while it was deepest at AWS-CALM and on the AWS-Berry Hill

slopes.

The first detailed study on soil thermal properties (Paper 10) revealed the significant role of
soil moisture variability during the thawing season. Using laboratory and modelling
approaches, we observed a natural increase in soil thermal conductivity with rising soil moisture
(Figure 8). However, this increase in moisture and thermal conductivity led to a decrease in
ALT. This behaviour can be explained by the increased latent heat of fusion required for the

phase change of water, which influences the thermal dynamics of the soil.
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Figure 8. The relationship between volumetric water content and soil thermal conductivity a)
measured for different soil densities and b) modelled from heat flux and temperature data.
Adapted from Paper 10.

In Antarctica, the effect of lithology on the active layer remains relatively understudied,
although analogies to James Ross Island can be drawn from other studies. In the South
Shetlands, the influence of lithology is often overshadowed by other factors, such as snow
cover. However, a clear lithological effect can be observed at the Crater Lake site, formed by
coarse, low-conductive pyroclastic material. There, the ALT ranged from 30 to 50 cm (Ramos
et al., 2017), while at other sites in the region, ALT often exceeds 100 cm (e.g., Paper 2; Oliva
etal., 2017b; de Pablo et al., 2017; Ferreira et al., 2017). The thickest active layers were detected

in bedrock sites, where they can reach several meters (summary in Paper 16).

This significant difference can be attributed to the much higher thermal conductivities of solid
bedrock, which reach values of 2.6 and 4.3 Wm'K™ in some of the investigated sites in
Antarctica (Guglielmin et al., 2011; Correia et al., 2012; Wilhelm et al., 2015). In contrast, soil
thermal conductivities typically range below 1.0 Wm'K™" and can even decrease to less than
0.3 Wm 'K in very dry material (e.g., Liu et al., 2018), explaining the variations in ALT
between these different environments. The significance of geomorphological settings is often

linked to snow cover distribution and the formation of surficial water tracks. On James Ross

24



Island (Paper 5) and in the South Shetlands (Oliva et al., 2017b), we observed how different
topographical features either promote accumulation or deflation of the snowpack, influencing
the ALT.

Certain landscape features, such as ice-cored moraines, can facilitate the development of a
permafrost layer, even at sea level in the SSI, where permafrost is generally absent at low
altitudes (e.g. Correia et al., 2017; Ferreira et al., 2017). In hyper-arid areas like McMurdo, the
ALT variations can be driven by the formation of water tracks in the depressions, which play a

critical role in the distribution and depth of permafrost (e.g., Levy et al. 2011).
5.1.2.3 Vegetation

Overall, vegetation in Antarctica is quite scarce, covering only a small fraction of the ice-free
areas. For example, the total area of vegetation patches in the Antarctic Peninsula is estimated
to be only 12 km? (Roland et al., 2024). James Ross Island is no exception, with limited
vegetation abundance. In our study area on the northern Ulu Peninsula, only a few compact
moss patches are found (Bartak et al., 2015). Therefore, research on the interactions between
vegetation and the active layer provides valuable site-specific characteristics and ecological
insights, helping to explain broader patterns across larger regions. At our experimental site,
AWS Cape Lachman, we observed that the active layer was 9 to 14 cm thinner, and the mean
annual ground temperature (MAGT) was 0.9 to 1.2°C lower beneath the moss patch compared
to the bare-ground profile. Notably, the distance between the active layer measurement profiles
was approximately 5 meters (Paper 6). These results are consistent with findings from other
Antarctic sites, where areas covered by vegetation patches tend to have lower ground
temperatures and thinner active layers than bare ground areas (Cannone and Guglielmin, 2009;
Michel et al., 2012; Paper 6).

A more pronounced effect of moss carpets has been observed on Signy Island in sub-Antarctica,
where the moss communities form thicker carpets, acting as effective insulators. In such
conditions, the active layer can be more than 100 cm thicker under bare ground than under
mosses (Paper 6). We can anticipate that the predicted "greening" of the warmest parts of the
Antarctic Peninsula will lead to the expansion of new vegetation communities (e.g., Siegert et
al., 2019), which may further insulate the ground, potentially mitigating the impact of warming

air temperatures on the soil thermal regime.

5.1.2.4 Soil hydric regime

Despite being 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
evolution (e.g. Kennedy, 1993; Ugolini and Bockheim, 2008), the knowledge on soil moisture
in Antarctica remains limited. The only exception to this is the McMurdo Dry Valleys region,

where systematic soil research has been conducted for several decades (Seybold et al., 2010).

In this region, soil moisture has been studied as a physical parameter related to permafrost ice
(e.g. Bockheim et al., 2007; Linhardt et al., 2019) or as a factor affecting vegetation and
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microorganisms’ abundance (e.g. Wlostowski et al., 2017). In particular, water tracks, which
have higher amounts of liquid water, are essential for the local environment. These areas form
specific thermal regime patterns and influence active layer thickness. However, these findings
are not easily transferable to other parts of Antarctica, as McMurdo represents a specific hyper-
arid, cold polar environment with very low, almost undetectable, soil moisture contents. In the
Antarctic Peninsula, soil moisture data have been presented, but interpretations on how it affects
the environment remain limited (e.g. Michel et al., 2012; Almeida et al., 2017; Thomazini et
al., 2020).

On James Ross Island, we primarily monitored gravimetric soil moisture to establish the general
differences between the study sites (Table 3). We conducted the first analysis of one-year
variability from January 2022 to February 2023, using data from AWS-JGM and two other sites
in the South Shetlands (Stansbury Peninsula, Nelson Island, and Barton Peninsula, King George
Island) as described in Paper 9. This study examined general soil moisture patterns, finding
similar trends of increasing moisture with depth. It also identified the freeze-thaw behaviour
with a well-defined hysteresis loop between the freezing and thawing phases. Additionally, we
observed relatively high unfrozen soil moisture content during winter (approximately 0.1
cm’/cm?).

In Paper 10, we analysed the summer variability of near-surface soil moisture from 2017 to
2023 at Abernethy Flats. We observed high values (> 0.4 cm®/cm?) in the beginning of the
summer period which was followed by decrease to 0.15 to 0.25 cm?*/cm? in the high summer.
Such a seasonal variability is important from the perspective of moisture effect on thermal
conductivity (Figure 8). On the seasonal level we observed a strong negative correlation
between moisture content and TDDg and ALT, which suggest that surficial drying may promote
active layer thickening in this site. Similar results were reported from CALM-S JGM (Paper
12), but in this case the medium correlation lack statistical significance (see more in Section
5.1.3).

5.1.3 Circumpolar active layer monitoring on James Ross Island

The CALM-S JGM is the first site established according to the CALM protocol in the eastern
part of the Antarctic Peninsula. The site measures 80 x 70 meters, and the first measurement
was carried out in February 2014. The relatively small size of the grid was specifically chosen
to ensure the sustainability of measurements in conditions generally unfavourable for thaw
depth probing, while also avoiding direct interference from the Johann Gregor Mendel Station
facility. The site is situated at an elevation between 8 and 12 meters above sea level, with a
gentle inclination of 1-5° towards the sea to the north. The CALM-S JGM grid consists of two
distinct areas formed by different lithologies, which influence ALT variability. The northern
approximately 75% of the grid is composed of gravelly to sandy sediments of a Holocene
marine terrace. The remaining 25% in the southern part is made up of silt-loam sediments of

the Cretaceous Whisky Bay Formation (Paper 4, Figure 9).
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Figure 9. Aerial view on the area of vicinity of Johann Gregor Mendel station, CALM-S JGM
and study profiles AWS-JGM and AWS-CALM. Adapted from Paper 12.

The first analysis of three years of monitoring at CALM-S JGM revealed a clear lithological
effect on thaw depth (Paper 4). The thaw depth ranged between 50 and 75 c¢m in the sandy
soils, whereas it exceeded 100 cm in the finer material of Whisky Bay Fm. Laboratory analysis
showed that the Whisky Bay Fm. sediments had a three times higher soil thermal conductivity
(ca. 0.7-0.9 Wm™'K"!") compared to the Holocene marine terrace sediments (ca. 0.3-0.6 Wm™ 'K
1. This was confirmed by a study in Paper 12, which analysed 10 years of monitoring at
CALM-S JGM (Figure 8). The study found that, on average, the ALT was 24 cm thicker at
AWS-CALM located on Whisky Bay Fm. sediments than at AWS-JGM, located on Holocene
marine terrace sediments. Between 2014 and 2023, ALT thickened by 1.3 to 2.2 cm/year in the
two sediment types, with a maximum thaw depth of 130 cm recorded in 2023. The study also
examined the relationship between surficial soil moisture and thaw depth. The moisture content
followed a similar distribution to thaw depth, with values between 25 and 35% in Whisky Bay
Fm. sediments (Figure 8). A moderate negative correlation (r = —0.52) was found between soil
moisture and thaw depth, suggesting that ALT might increase with surficial drying. However,

the results were not statistically significant due to the relatively short 7-year dataset.
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Figure 10. Variability of active layer thaw depth and surficial soil moisture on CALM-S JGM
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in the period 2014 to 2023 (Paper 12).

Compared to other CALM-S sites, where ALT distribution was primarily influenced by factors
like snow presence (e.g. de Pablo et al., 2017; Guglielmin et al., 2014), vegetation (Guglielmin
et al., 2014), or was relatively homogeneous (Ramos et al., 2017), the ALT variability at
CALM-S JGM was attributed to the lithological pattern. A key advantage of CALM-S JGM is
the ability to perform probing measurements around the date of maximum ALT occurrence,
which is an issue at some sites, such as in the South Shetlands, where the ALT maximum occurs
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in late March, while the field season is in February (de Pablo et al., 2014).
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5.2 Objective 2: Modelling of active layer thickness and temperature

The limitations of direct observations of ALT and temperature in Antarctica emphasize the
importance of modelling approaches. One of the most widely used models for ALT estimation
is based on the numerical solutions proposed by Stefan (1891) and Kudryavtsev et al. (1977).
The temperature at the top of the permafrost table, or the base of the active layer, is modelled
using the TTOP model (Smith and Riseborough, 1996). The key advantages of these models
are their simplicity, relatively low requirements for input data, and strong performance (e.g.
Riseborough et al., 2008).

However, the application of these models, and similar ones, was limited in Antarctica before
2020. The TTOP model was used by Ferreira et al. (2017) to model temperatures and probability
of permafrost presence on Livingston Island. Both Stefan and Kudryavtsev models were
employed by Wilhelm et al. (2015) to model ALT on Amsler Island in the Western Antarctic
Peninsula, though their results were contradictory due to a lack of validation and clarity, as
discussed by Uxa (2016). The model of Gold and Lachenbruch (1973) provided relatively good
predictions using data from Victoria Land (Guglielmin et al., 2012). Building on these models,
our collection of studies (Papers 7, 11, 13, 14) contributes significantly to advancing the
understanding of ALT and temperature modelling in Antarctica. In addition to being used for
reconstructing decadal datasets, we also provided thorough validation, strengthening the
credibility of these approaches.

5.2.1 Active layer thickness modelling

In our initial modelling study, we tested the Stefan and Kudryavtsev models on a dataset from
the Abernethy Flats site (Paper 7). We used modified versions of the models proposed by
Kurylyk and Hayashi (2016) and Riseborough (2003). Both models were driven by near-surface
(5 cm) ground temperature datasets from 2006-2015. We used soil thermal properties
parameters obtained from laboratory treatments of soil samples taken from the surficial part (0-
10 cm) and approximately middle part (20-30 cm) of the active layer. We observed slightly
better accuracy in the models when using the soil physical properties dataset from the middle
part of the profile (30 cm) than surficial (10 cm). Overall, the model errors were 2.6 cm (5.0 %)
and 3.4 cm (5.9 %) for the Stefan model and the Kudryavtsev model, respectively. We attribute
the high accuracy to the relatively low heterogeneity of physical properties in the Antarctic soil,

making the parameterization highly representative for the studied profile.

In Paper 11, we applied the modified Stefan model to a dataset from AWS-JGM. Unlike the
first study, the model was driven by air temperature data from 2004-2020 and validated against
ALT measurements available from 2011-2020. The soil thermal properties parameterization
used data from 30 cm depth, derived from five years of measurements. Similar to the Abernethy

Flats results (Paper 7), we found that the model provided high accuracy 2.7 cm (4.7 %).
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Figure 11. Active layer thickness variability on James Ross Island in the period 2004 to 2020
modelled by Stefan Model (SM) and Kudryavtsev Model (KM) on Abernethy Flats and JGM
site. Results from Papers 7 and 11.

These two studies provided ALT data covering the periods 2006-2015 (Paper 7) and 2004-2020
(Paper 11). We concluded that the models are suitable tools for retrieving long-term ALT data,
which can be accurately modelled using air temperature data alone. The models predicted ALT
thinning by 16 cm/decade during 2006-2015 (Figure 9), which aligns with the overall climate
conditions in the Antarctic Peninsula (Turner et al., 2016; Oliva et al., 2017). The modelling
from AWS-JGM suggested ALT thinning in the period 2004-2020 by 1.6 cm/decade. Much
lower trend value point to active layer thickening which was initiated in 2011 (Figure 10; Paper
11).

5.2.2 Modelling of temperature on the top of permafrost

The TTOP model is widely used for estimating the temperature at the top of the permafrost,
marking the interface between the base of the active layer and the permafrost table. This model
has been further developed into several versions, such as the Cryogrid model (e.g., Gisnas et
al., 2014; Westerman et al., 2022), which enables spatial reconstruction of permafrost
temperatures. For instance, the Cryogrid-1 model was applied to predict TTOP in the ice-free
areas of Antarctica (Paper 14), using ERA-Interim reanalysis data. This model provided a 1
km? resolution TTOP reconstruction for the ice-free regions of Antarctica, though it only
reflected spatial variability without accounting for trends, as it utilized data from 2000-2017.
From the perspective of James Ross Island, results of Paper 14 suggest whole area in the
continuous permafrost zone.

In the application of TTOP in specific case studies, the model was first tested on ground
temperature data from 2017-2019 collected from Byers Peninsula, Livingston Island (Paper
13). The results suggested that Byers Peninsula is situated in a marginal zone between

continuous and discontinuous permafrost, which aligned with previous geophysical surveys
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(Correia, et al., 2017). The model revealed that areas with long-term winter snow cover had a
higher probability of permafrost absence, where the modelled temperature was greater than 0
°C. Different soil moisture scenarios were used to adjust the rk factor, which determines the
ratio between the thermal conductivity of thawed and frozen ground (Smith and Riseborough,
1996), but the differences in predictions between dry and wet scenarios were minimal,

suggesting the model performed well overall.

The TTOP model was also applied to data from AWS-JGM (Paper 11). It used the same air
temperature dataset as the Stefan model. The model provided excellent results for air
temperature-based permafrost temperature reconstructions. The mean absolute error was 0.36
°C, and the RMSE was 0.52 °C. The model predicted a permafrost table cooling of 0.1
°C/decade from 2004 to 2020. Notably, the study period was divided into two phases: cooling
from 2004-2010/11 (—=0.13°C/year) and warming from 2011/12-2020 (0.19 °C/year). The
overall 2004-2020 trend was found as —0.12 °C/decade.
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5.3 Objective 3: Spatiotemporal variability of active layer thermal regime and thickness
in Antarctica

Even though the first measurements of soil temperature in Antarctica were initiated in the
1960s, the first overview providing basic knowledge on ALT or thermal regime variability for
the whole continent was provided by Vieira et al. (2010), who summarized the research
activities during the International Polar Year. This work primarily focused on identifying the
number of monitoring sites and providing a general description of the active layer thermal
regime and thickness characteristics in Antarctica. We contributed to the improvement of the
overall knowledge of the Antarctic active layer through two subsequent studies:

Paper 15 summarizes the measurements from the Antarctic CALM-S site between 2006 and
2015. We included 16 sites, providing data on thermally defined ALT (8 sites) and manually
probed thaw depth (8 sites). The studied sites were spread across three major regions (Antarctic
Peninsula, Victoria Land, and East Antarctica coast), covering MAAT between approximately
—2 °C and 24 °C. We observed ALTs ranging from 7 cm in the coldest areas of Victoria Land
to more than 130 cm in the Antarctic Peninsula region. Year-to-year variability of ALT was
pronounced in the Antarctic Peninsula and coastal East Antarctica, but relatively stable in the
East Antarctica mountains and Victoria Land. In the Antarctic Peninsula, the data reflected the
impact of regional cooling (Turner et al., 2016; Oliva et al., 2017), which led to thaw depth
reductions with minimums in 2013 and 2014. Despite analyzing 10 years of data, no statistically

significant trends were detected.
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Figure 12. Variability of mean annual air temperature and near-surface ground temperature

anomalies in Antarctica in the period 2006 to 2020 (Paper 16).
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Paper 16 provides a comprehensive overview of the scientific literature published from
Antarctic sites after the International Polar Year. We synthesized data from more than 80
papers, including our own works involved in this thesis, and conducted a thorough
spatiotemporal analysis of active layer thermal regime and ALT variability from 2006 to 2020.
In total, we identified approximately 80 sites with soil temperature measurements in profiles
deeper than 50 cm across five regions of Antarctica (Antarctic Peninsula, East Antarctica,

Victoria Land, Transantarctic Mountains, and West Antarctica) and sub-Antarctic Islands.

Despite the extension of datasets to the period 2006-2020, we did not detect any statistically
significant cooling or warming trends for air and near-surface ground temperature. However,
data from the Antarctic Peninsula region exhibited a strong warming tendency, especially in the
northeastern part where James Ross Island is located (Figure 11). These findings suggest that
the regional cooling at the beginning of the 21st century was only a short-term event. The lowest
trend values in East Antarctica and Victoria Land are consistent with the overall stable climate
conditions in these regions, which, from a long-term perspective, have even exhibited cooling
trends (Turner et al., 2020).
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Figure 13. Mutual relationships between mean annual near-surface ground temperature
(MASGT), active layer thickness (ALT) and latitude in Antarctica (Paper 16).

The compilation of the published data allowed us to determine the relationship between near-
surface MAGT, ALT, and the latitudinal gradient (Figure 12). We found that the temperatures
varied within a relatively narrow range at each study region and followed a latitudinal trend of
—0.9 °C/deg. In contrast, the variability of ALT was in the tens of centimetres and was highest
in the warmest region of the sub-Antarctic Islands and South Shetlands. Notably, this analysis
excluded bedrock sites where ALT was reported to exceed 5 m at sites in the South Shetlands.
The ALT Ilatitudinal trend was set at —3.4 cm/deg.
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6 Summary

Our research systematically built upon initial case studies (Papers 1—6), which allowed us to
better understand the general characteristics, properties, thermal regime, and thickness of the
active layer on James Ross Island. Thanks to the dense and reliable monitoring network on
James Ross Island, we were able to analyze active layer changes using datasets exceeding 10
years (Papers 7, 10, 11, 12). Long-term datasets are crucial for validating our original
hypothesis, which was primarily based on short-term datasets (typically 2—3 years) published
in earlier case studies.

The initial results from James Ross Island were influenced by a period of cooling in air
temperatures that occurred on the Antarctic Peninsula between 2000 and 2015 (e.g., Turner et
al., 2016; Oliva et al., 2017). However, this cooling peaked around 2011 on James Ross Island,
and since then, we have observed a significant increase in both air and ground temperatures,
culminating in 2022, which was the warmest year recorded. In summer of 2022/23, the greatest
thickness of the active layer was also observed. The findings on year-to-year variability align
with the general climate pattern observed in the northeastern Antarctic Peninsula (e.g., Turner
et al., 2020; Bozkurt et al., 2020).

Our studies on modelling ALT and TTOP have significantly contributed to the state of the art
in this field in Antarctica. Both the Stefan and Kudryavtsev models demonstrated high
reliability and potential for predicting ALT using near-surface ground or air temperature data
(Papers 7 and 11). The models benefit from the parameterization of soil physical properties
based on data obtained from in-situ collected samples. Furthermore, the application of the
Cryogrid-1 and TTOP models provided unique insights into the continental distribution of
permafrost top temperatures (Paper 14) and demonstrated their applicability for temporal

reconstructions and defining the limits of permafrost presence (Paper 13).

Beyond these contributions, our work on James Ross Island raised several important topics,
such as the role of lithology, soil moisture, and the variability of soil thermal parameters—
factors that have been investigated to a very limited extent in Antarctica. These factors are
particularly important in dry, bare-ground conditions, which constitute a significant portion of
ice-free areas and likely play a key role in active layer formation. Comparisons of our findings
with studies from other sites in Antarctica allowed us to provide a comprehensive assessment
of these factors at the continental level (Paper 16). Furthermore, this study offered an overview
of the current knowledge on the spatial and temporal variability of the near-surface active

layer’s thermal regime and thickness.
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7 Research perspectives and conclusions

The intensive international collaboration allowed us to incorporate the results from James Ross
Island into a large dataset with data from other Antarctic regions and create a more complete
picture of active layer properties in Antarctica. A major output of these activities is Paper 16,
which provides a detailed analysis of the results from the entire continent. Beyond this, we have
identified key perspectives for upcoming research on the Antarctic active layer, summarised as
follows:

a) Increasing density of measurements, including deep boreholes

From the perspective of our major study area on James Ross Island, installing deeper boreholes
is highly valuable. Data on permafrost temperature at depths with zero annual amplitude offer
valuable insights into the long-term variability and stability of permafrost. Furthermore, this
data is considered one of the essential climate variables for the cryosphere. However, logistical

challenges present major limits to this effort.
b) Implementation of standardised soil moisture monitoring

Our results have already highlighted the critical role of soil moisture in influencing soil thermal
properties on James Ross Island. In 2022, through the Czech Science Foundation Juniorstar
project, I initiated a soil moisture monitoring network across the Antarctic Peninsula region.
Currently, the network includes 20 sites. We aim to analyse freeze-thaw characteristics and
examine the differences or specificities of individual sites. A key question that soil moisture
data can help answer is: What is the role of unfrozen water content during winter in permafrost
stability? Our initial data, published in Paper 9, reveal that unfrozen water content can exceed
20%, potentially accelerating summer thawing and permafrost degradation. Changes in soil
water content could also significantly affect local vegetation conditions (e.g., Robinson et al.,
2017; Colesie et al., 2023).

¢) Modelling of the current and future state of the Antarctic active layer and permafrost

Given the spatiotemporal limitations of direct active layer and permafrost observations,
modelling plays a crucial role in understanding past, present, and future conditions. So far, the
only continental-scale map of TTOP (Top of Permafrost) is Paper 14 which used the ERAS-
Interim reanalysis dataset for the period 2000-2015. Considering ongoing climate change, it is
essential to understand the potential future changes in the active layer and permafrost, including
predictions for newly exposed surfaces, which are expected to double in the Antarctic Peninsula
region by 2100 (e.g., Lee et al., 2017).

d) Geophysical surveying applied to identify the limits of permafrost presence

Until recently, evidence of permafrost absence in Antarctica has primarily been based on
geophysical surveys. In recent years, an initial network of Automatic Electrical Resistivity
Tomography (A-ERT) was installed as part of an international effort (Farzamian et al., 2023).

This system can provide more spatially extensive data on the freeze-thaw characteristics of the
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ground. In the long term, it can be a valuable tool for detecting permafrost degradation. Notably,
one of the sites is located at CALM-S JGM on James Ross Island.

In addition to these research tasks for the upcoming years, another urgent focus is the
multidisciplinary study of the Antarctic terrestrial environment, merging earth sciences and
biological disciplines. As proposed by Convey and Peck, 2019 and more recently by Colesie et
al., 2023, the physio-chemical properties of soils are key to understanding the interactions
between vegetation and abiotic components of the environment. For example, Robinson et al.,
(2018) reported that environmental drying over a relatively short period (13 years) had a
significant impact on vegetation health and activity. Our recent unpublished observations of
declining moss vitality associated with the dry summer of 2016/17 on James Ross Island
(eastern Antarctic Peninsula) suggest that such a scenario could likely occur in other, potentially
drier areas of the Antarctic Peninsula. As the active layer deepens, it may exacerbate surficial
drying, making this a potential concern for other parts of Antarctica. The implementation of our
datasets and findings on active layer properties can significantly contribute to a broader
understanding of Antarctic ice-free environments and the possible scenarios for their future

evolution under ongoing global climate change.

In conclusion, the compilation of studies presented in this work has significantly advanced our
understanding of the thermal regime and thickness of the active layer in Antarctica. Although
our research is based on nearly two decades of monitoring, the high climate variability in the
northeastern Antarctic Peninsula region has allowed us to analyse the active layer's response to
both warm and cold conditions. Alongside providing a basic description of the current state of
the active layer at individual study sites, we have gained valuable insights into its spatial
variability and sensitivity to various environmental factors. The findings presented here offer a
solid foundation for further research into the complex environmental conditions of Antarctica's

1ce-free areas.

36



8 References

Adlam, L.S., Balks, M.R., Seybold, C.A., & Campbell, D.I., (2010). Temporal and spatial
variation in active layer depth in the McMurdo Sound Region, Antarctica. Antarctic Science,
22(1), 45-52. doi:10.1017/S0954102009990460

Almeida, I.C.C., Schaefer, C.E.G.R., Michel, R.F.M., Fernandes, R.B.A.,Pereira ,T.T.C., DE
Andrade, A.M., Francelino, M.R., Elpidio ,I., Filho, F. & Bockheim, J.G. (2017). Long term
active layer monitoring at a warm-based glacier front from maritime Antarctica. Catena, 149(2),
572-581.

Anisimov, O.A., Shiklomanov, N., & Nelson, F.E. (1997). Global warming and active-layer
thickness: Results from transient general circulation models. Global and Planetary Change, 15,
61-77.

Ball, B.A., & Levy, J. (2015). The role of water tracks in altering biotic and abiotic soil
properties and processes in a polar desert in Antarctica. Journal of Geophysical Research:
Biogeosciences, 120, 270-279. https://doi.org/10.1002/2014JG002856

Bartak, M., Vaczi, P., Stachon, Z., & KubesSova, S. (2015). Vegetation mapping of moss-
dominated areas of the northern part of James Ross Island (Antarctica) and a suggestion of
protective measures. Czech Polar Reports, 5(1), 47-56. https://doi.org/10.5817/CPR2015-1-8

Biskaborn, B.K., Smith, S.L., Noetzli, J., Matthes, H., Vieira, G., Streletskiy, D.A., Schoeneich,
P., Romanovsky, V.E., Lewkowicz, A.G., Abramov, A., Allard, M., Boike, J., Cable, W.L.,
Christiansen, H.H., Delaloye, R., Diekmann, B., Drozdov, D., Etzelmiiller, B., Grosse, G.,
Guglielmin, M., Ingeman-Nielsen, T., Isaksen, K., Ishikawa, M., Johansson, M., Johannsson,
H., Joo, A., Kaverin, D., Kholodov, A., Konstantinov, P., Kroger, T., Lambiel, C., Lanckman,
J.P., Luo, D., Malkova, G., Meiklejohn, 1., Moskalenko, N., Oliva, M., Phillips, M., Ramos,
M., Sannel, A.B.K., Sergeev, D., Seybold, C., Skryabin, P., Vasiliev, A., Wu, Q., Yoshikawa,
K., Zheleznyak, M., & Lantuit, H. (2019). Permafrost is warming at a global scale. Nature
Communication. 10, 1-11. https://doi.org/10.1038/s41467-018-08240-4.

Bockheim, J. G., Campbell, 1. B., & McLeod, M. (2007). Permafrost distribution and active-
layer depths in the McMurdo Dry Valleys, Antarctica. Permafrost and Periglacial Processes,
18(3), 217-227. https://doi.org/10.1002/ppp.588

Bockheim, J., Vieira, G., Ramos, M., Lopez-Martinez, J., Serrano, E., Guglielmin, M.,
Wilhelm, K., & Nieuwendam, A. (2013). Climate warming and permafrost dynamics in the
Antarctic  Peninsula region, Global and Planetary Change, 100, 215-223.
doi:10.1016/j.gloplacha.2012.10.018.

Bozkurt, D., Bromwich, D.H., Carrasco, J., Hines, K.M., Maureira, J.C., & Ronadanelli, R.,
(2020). Recent Near-surface Temperature Trends in the Antarctic Peninsula from Observed,

Reanalysis and Regional Climate Model Data. Advances in Atmospheric Science, 37, 477-493
https://doi.org/10.1007/s00376-020-9183-x

37


https://doi.org/10.1002/2014JG002856
https://doi.org/10.5817/CPR2015-1-8
https://doi.org/10.1007/s00376-020-9183-x

Brooks, S. T., Jabour, J., van den Hoff, J., & Bergstrom, D. M. (2019). Our footprint on
Antarctica competes with nature for rare ice-free land. Nature Sustainability, 2(3), 185-190.
https://doi.org/10.1038/s41893-019-0237-y

Brown J., Hinkel K.M., & Nelson F.E. (2000). The Circumpolar Active Layer Monitoring
(CALM) program: historical perspectives and initial results. Polar Geography 24(3): 165-258.
Burton-Johnson, A., Dziadek, R., & Martin, C. (2020). Review article: Geothermal heat flow
in Antarctica: Current and future directions. The Cryosphere, 14, 3843-3873.
https://doi.org/10.5194/tc-14-3843-2020

Cannone, N., & Guglielmin, M. (2009). Influence of vegetation on the ground thermal regime
in continental Antarctica. Geoderma, 151(3-4), 215-223.
https://doi.org/10.1016/j.geoderma.2009.04.007

Cannone, N., Guglielmin, M., Malfasi, F., Hubberten, H.W., & Wagner, D. (2021). Rapid soil
and vegetation changes at regional scale in continental Antarctica. Geoderma, 394, 115017.
https://doi.org/10.1016/j.geoderma.2021.115017

Cannone, N., Ellis Evans, J.C., Strachan, R., & Guglielmin, M. (2006). Interactions between
climate, vegetation, and active layer in Maritime Antarctica. Antarctic Science, 18, 323-333.
Carshalton, A.G., Balks, M.R., O’Neill, T.A., Bryan, K.R., & Seybold, C.A. (2022). Climatic
influences on active layer depth between 2000 and 2018 in the McMurdo Dry Valleys, Ross
Sea Region, Antarctica. Geoderma Regional, 29, €00497.
https://doi.org/10.1016/j.geodrs.2022.e00497

Colesie, C., Walshaw, C. V., Sancho, L. G., Davey, M. P., & Gray, A. (2023). Antarctica's
vegetation in a changing climate. WIREs Climate Change, 14(1), ¢810.
https://doi.org/10.1002/wcc.810

Convey, P., & Peck, L. S., (2019). Antarctic environmental change and biological responses.
Science Advances, 5(11), eaaz0888.

Correia, A., Vieira, G., & Ramos, M. (2012). Thermal conductivity and thermal diffusivity of

cores from a 26-meter deep borehole drilled in Livingston Island, Maritime Antarctic.
Geomorphology, 155-156, 7-11. https://doi.org/10.1016/j.geomorph.2011.12.012

Correia, A., Oliva, M., & Ruiz-Fernandez, J. (2017). Evaluation of frozen ground conditions
along a coastal topographic gradient at Byers Peninsula (Livingston Island, Antarctica) by
geophysical and geoecological methods. Catena, 149, 529-537.
https://doi.org/10.1016/j.catena.2016.08.006

de Pablo, M. A., Ramos, M., & Molina, A. (2014). Thermal characterisation of the active layer
at the Limnopolar Lake CALM-S site on Byers Peninsula (Livingston Island), Antarctica. Solid
Earth, 5(2), 721-739. https://doi.org/10.5194/se-5-721-2014

38


https://doi.org/10.5194/tc-14-3843-2020
https://doi.org/10.1002/wcc.810
https://doi.org/10.1016/j.geomorph.2011.12.012
https://doi.org/10.1016/j.catena.2016.08.006

de Pablo, M. A., Ramos, M., & Molina, A. (2017). Snow cover evolution, on 2009-2014, at the
Limnopolar Lake CALM-S site on Byers Peninsula, Livingston Island, Antarctica. CATENA,
149, 538-547. https://doi.org/10.1016/j.catena.2016.06.002

Dunn, R. J. H., Blannin, J., Gobron, N, et al., (2024). Global climate. Bulletin of the American
Meteorological Society, 105(8), S12—-S155.

Dunn, R. J. H., Miller, J. B., Willett, K. M., et al., (2023). Global climate. Bulletin of the
American Meteorological Society, 104(9), S11-S145.

Dunn, R. J. H., Aldred, F., Gobron, N., et al., (2022). Global climate. Bulletin of the American
Meteorological Society, 103(8), S11-S142.

Ferreira, A., Vieira, G., Ramos, M., & Nieuwendam, A. (2017). CATENA, 149, 560-571.
https://doi.org/10.1016/j.catena.2016.08.027

Gisnés, K., Etzelmiiller, B., Farbrot, H., Schuler, T.V., & Westermann, S. (2013). CryoGRID
1.0: Permafrost distribution in Norway estimated by a spatial numerical model. Permafrost and
Periglacial Processes, 24(1), 2—19. https://doi.org/10.1002/ppp.1765

Gold, L.W., & Lachenbruch, A.H. (1973). Thermal conditions in permafrost: A review of North
American literature. In Proceedings of the 2nd International Permafrost Conference (pp. 3-25).
National Academy of Sciences. North American contribution.

Guglielmin, M., & Cannone, N. (2012). A permafrost warming in a cooling Antarctica? Climate
Change, 111(2), 177-195. https://doi.org/10.1007/s10584-011-0137-2

Guglielmin, M., Balks, M.R., Adlam, L.S., Baio, F. (2011). Permafrost Thermal Regime from
Two 30-m Deep Boreholes in Southern Victoria Land, Antarctica. Permafrost and Periglacial
Processes, 22, 129-139. https://doi.org/10.1002/ppp.715

Guglielmin, M., Dalle Fratte, M., & Cannone, N. (2014a). Permafrost warming and vegetation
changes in continental Antarctica. Environmental Research Letters, 9(4), 045001.

Guglielmin, M., Worland, M. R., Baio, F., & Convey, P. (2014b). Permafrost and snow
monitoring at Rothera Point (Adelaide Island, Maritime Antarctica): Implications for rock
weathering in cryotic conditions. Geomorphology, 225, 47-56."

Guglielmin, M., (2006). Ground surface temperature (GST), active layer, and permafrost
monitoring in continental Antarctica. Permafrost and Periglacial Processes, 17, 133—143. DOLI:

10.1002/ppp.553

Guglielmin, M. (2012). Advances in permafrost and periglacial research in Antarctica: A
review. Geomorphology, 155-156, 1-6. https://doi.org/10.1016/j.geomorph.2011.12.008

Hrbéacek, F., Nyvlt, D., Laska, K., Knazkova, M., Kampova, B., Engel, Z., Oliva, M., &
Mueller, C. W. (2019). Permafrost and active layer research on James Ross Island: An
overview. Czech Polar Reports, 9(1), 20-36. https://doi.org/10.5817/CPR2019-1-3

39


https://doi.org/10.1016/j.catena.2016.06.002
https://doi.org/10.1002/ppp.1765
https://doi.org/10.1007/s10584-011-0137-2
https://doi.org/10.1002/ppp.715

Hrbacek, F., Vieira, G., Oliva, M., Balks, M., Guglielmin, M., de Pablo, M.A., Molina, A.,
Ramos, M., Goyanes, G., Meiklejohn, 1., Abramov, A., Demidov, N., Fedorov- Davydov, D.,
Lupachev, A., Rivkina, E., Laska, K., Knazkova, M., Nyvlt, D., Raffi, R., Strelin, J., Sone, T.,
Fukui, K., Dolgikh, A., Zazovskaya, E., Mergelov, N., Osokin, N., & Miamin, V., (2021). Polar
Geography, 44(3), 217-231, https://doi.org/10.1080/1088937X.2017.1420105

Hrbacek, F., Oliva, M., Hansen, C., Balks, M., O'Neill, T.A., de Pablo, M.A., Ponti, S., Ramos,
M., Vieira, G., Abramov, A., Kaplan Pastirikova, L., Guglielmin, M., Goyanes, G., Francellino,
M.R., Schaefer, C., & Lacelle, D. (2023a). Active layer and permafrost thermal regimes in the
ice-free areas of  Antarctica. Earth Science Reviews, 242, 104458.
https://doi.org/10.1016/j.earscirev.2023.104458

Hrbécek, F., Knazkova, M., Farzamian, M., & Baptista, J. (2023b). Variability of soil moisture
on three sites in the Northern Antarctic Peninsula in 2022/23. Czech Polar Reports, 13(1), 10—
23.

Jennings, S.J.A., Davies, B.J., Nyvlt, D., Glasser, N.F., Engel, Z., Hrbac¢ek, F., Carrivick, J.L.,
Micoch, B., & Hambrey, M.J. (2021). Geomorphology of Ulu Peninsula, James Ross Island,
Antarctica. Journal of Maps, 17(2), 125-139. https://doi.org/10.1080/17445647.2021.1893232

Kaplan Pastirikova, L., Hrbacek, F., Uxa, T., & Laska, K. (2023). Permafrost table temperature
and active layer thickness variability on James Ross Island, Antarctic Peninsula, in 2004—2021.
Science of the Total Environment, 869, 161690.
https://doi.org/10.1016/j.scitotenv.2023.161690

Karunaratne, K.C., & Burn, C.R. (2003). Freezing n-factors in discontinuous permafrost terrain,
Takhini River, Yukon Territory, Canada. In Proceedings of the Eighth International Conference
on Permafrost (pp. 645—650). Zurich, Switzerland.

Kavan, J., Nyvlt, D., Laska, K., Engel, Z., & Kilazkova, M. (2020) High-latitude dust deposition
in snow on the glaciers of James Ross Island, Antarctica. Earth Surf. Process. Landforms, 45:
1569— 1578. https://doi.org/10.1002/esp.4831.

Kennedy, A.D. (1993). Water as a limiting factor in the Antarctic terrestrial environment: A
biogeographical synthesis. Arctic and Alpine Research, 25(4), 308-315.

Knazkova, M., & Hrbacek, F. (2024). Interannual variability of soil thermal conductivity and
moisture on the Abernethy Flats (James Ross Island) during thawing seasons 2015-2023.
Catena, 234, 107640. https://doi.org/10.1016/j.catena.2023.107640

Kotzé, C., & Meiklejohn, 1. (2017). Temporal variability of ground thermal regimes on the
northern buttress of the Vesleskarvet nunatak, western Dronning Maud Land, Antarctica.
Antarctic Science, 29(1), 73-81. https://doi.org/10.1017/S095410201600047X

Kudryavtsev, V.A., Garagulya, L.S., Kondrat'yeva, K.A., & Melamed, V.G. (1977).
Fundamentals of frost forecasting in geological engineering investigations (Draft Translation

606). U.S. Army Cold Regions Research and Engineering Laboratory.

40


https://doi.org/10.1080/1088937X.2017.1420105
https://doi.org/10.1016/j.earscirev.2023.104458
https://doi.org/10.1080/17445647.2021.1893232
https://doi.org/10.1016/j.scitotenv.2023.161690
https://doi.org/10.1016/j.catena.2023.107640

Kurylyk, B.L., & Hayashi, M. (2016). Improved Stefan equation correction factors to
accommodate sensible heat storage during soil freezing or thawing. Permafrost and Periglacial
Processes, 27(2), 189-203.

Lee, J.R., Raymond, B., Bracegirdle, T.J., Chadés, 1., Fuller, R.A., Shawn, J.D., & Terauds, A.
(2017). Climate change drives expansion of Antarctic ice-free habitat. Nature, 547, 49-54.
doi:10.1038/nature22996

Lembrechts, J., van den Hoogen, Lenoir, J., et al., (2022). Global maps of soil temperature.
Global Change Biology, 28 (9), 3110-3144. DOI10.1111/gcb.16060

Levy, J.S., Fountain, A.G., Gooseff, M.N., Welch, K.A., & Lyons, W.B. (2011). Water tracks
and permafrost in Taylor Valley, Antarctica: Extensive and shallow groundwater connectivity
in a cold desert ecosystem. GSA  Bulletin, 123(11-12),  2295-2311.
https://doi.org/10.1130/B30436.1

Linhardt, T., Levy, J. S., & Thomas, C. K. (2019). Water tracks intensify surface energy and
mass exchange in the Antarctic McMurdo Dry Valleys, The Cryosphere, 13, 2203-2219,
https://doi.org/10.5194/tc-13-2203-2019.

Liu, L., Sletten, R. S., Hallet, B., & Waddington, E. D. (2018). Thermal Regime and Properties
of Soils and Ice-Rich Permafrost in Beacon Valley, Antarctica. Journal of Geophysical
Research: Earth Surface, 123(8), 1797-1810. https://doi.org/10.1029/2017JF004535
Loépez-Martinez, J., Serrano, E., Schmid, T., Mink, S., & Linés, C. (2012). Periglacial processes
and landforms in the South Shetland Islands (northern Antarctic Peninsula region).
Geomorphology, 155-156, 62—79. https://doi.org/10.1016/j.geomorph.2011.12.018

Lunardini, V.J. (1978). Theory of N-factors and correlation of data. In Proceedings of the Third
International Conference on Permafrost (Vol. 1, pp. 40—-46). National Council of Canada.
Marchant, D.R., Lewis, A., Philips, W.C., Moore, E.J., Souchez, R., & Landis, G.P. (2002).
Formation of patterned-ground and sublimation till over Miocene glacier ice in Beacon Valley,
Antarctica. Geological Society of America Bulletin, 114, 718-730.

Michel, R.F.M., Schaefer, C.E.G.R., Poelking, E.L., Simas, F.N.B., Filho, E.L.F., & Bockheim,
J.G. (2012). Active layer temperature in two Cryosols from King George Island, Maritime
Antarctica. Geomorphology 155-156, 12—19. doi:10.1016/j.geomorph.2011.12.013

Micoch, B., Nyvlt, D., Mixa, P., et al. (2020). Geological map of James Ross Island — Northern
part 1:25,000. Czech Geological Survey.

Muller, S. W. (1943). Permafrost or permanently frozen ground and related engineering
problems. Special Report, Strategic Engineering Study, Intelligence Branch, Offi ce, Chief of
Engineers, no. 62, 136 pp. Second printing, 1945, 230 pp. (Reprinted in 1947, J. W. Edwards,
Ann Arbor, Michigan, 231 pp.)

Noetzli, J., & Gruber, S. (2005). Alpiner Permafrost — ein Uberblick. Jahrbuch des Vereins zum
Schutz der Bergwelt, 70, 111-122.

41


https://doi.org/10.1130/B30436.1

Oliva, M., Navarro, F., Hrbacek, F., Hernandez, A., Nyvlt, D., Perreira, P., Ruiz-Fernandez, J.,
& Trigo, R., (2017a). Recent regional climate cooling on the Antarctic Peninsula and associated
impacts on the cryosphere. Science of the Total Environment, 580, 210-223.
http://dx.doi.org/10.1016/j.scitotenv.2016.12.030

Oliva, M., Hrbacek, F., Ruiz-Fernandez, J., de Pablo, M. A., Vieira, G., Ramos, M., &
Antoniades, D. (2017b). Active layer dynamics in three topographically distinct lake
catchments in Byers Peninsula (Livingston Island, Antarctica). CATENA, 149, 548-559.
https://doi.org/10.1016/j.catena.2016.07.011

Ramos, M., Vieira, G., de Pablo, M.A., Molina, A., Abramov, A., & Goyanes, G. (2017).
Recent shallowing of the thaw depth at Crater Lake, Deception Island, Antarctica (2006-2014).
Catena 149 (2), 519-528. https://doi.org/10.1016/j.catena.2016.07.019.

Ramos, M., Vieira, G., de Pablo, M.A., Molina, A., & Jimenez, J.J. (2020). Transition from a

Subaerial to a Subnival Permafrost Temperature Regime Following Increased Snow Cover

(Livingston Island, Maritime Antarctic). Atmosphere 11, 1332.
https://doi.org/10.3390/atmos11121332.

Riseborough, D.W. (2003). Thawing and freezing indices in the active layer. In Proceedings of
the 8th International Conference on Permafrost (pp. 953-958). AA Balkema Rotterdam.

Riseborough, D., Shiklomanov, N., Etzelmiiller, B., Gruber, S., & Marchenko, S. (2008).
Recent advances in permafrost modelling. Permafrost and Periglacial Processes, 19(2), 137—
156. https://doi.org/10.1002/ppp.615

Roman, M., Nyvlt, D., Davies, B.J., Braucher, R., Jennings, S.J.A., Bfezny, M., Glasser, N.F.,
Hambrey, M.J., Lirio, .M., Rodés, A., & ASTER Team. (2024). Accelerated retreat of northern
James Ross Island ice streams (Antarctic Peninsula) in the Early-Middle Holocene induced by

buoyancy response to postglacial sea level rise. Earth and Planetary Science Letters, 641,
118803. https://doi.org/10.1016/j.epsl.2024.118803

Robinson, S.A., King, D.H., Bramley-Alves, J., Waterman, M.J., Ashcroft, M.B., Wasley, J.,
Turnbull, J.D., Miller, R.E., Ryan-Colton, E., Benny, T., Mullany, K., Clarke, L.J., Barry, L.A.,
& Hua, Q. (2018). Rapid change in East Antarctic terrestrial vegetation in response to regional
drying. Nature Climate Change, 8(10), 879—884. https://doi.org/10.1038/s41558-018-0280-0
Romanovsky, V.E., Smith, S.L., & Christiansen, H.H. (2010). Permafrost thermal state in the
polar Northern Hemisphere during the international polar year 2007-2009: A synthesis.
Permafrost and Periglacial Processes, 21(2), 106-116.

Roland, T.P., Bartlett, O.T., Charman, D.J., Anderson, K., Hodgson, D.A., Amesbury, M.J.,
Maclean, 1., Fretwell, P.T., & Fleming, A. (2024). Sustained greening of the Antarctic Peninsula
observed from satellites. Nature Geoscience, 17, 1121-1126. https://doi.org/10.1038/s41561-
024-01564-5

42


http://dx.doi.org/10.1016/j.scitotenv.2016.12.030
https://doi.org/10.1016/j.catena.2016.07.019
https://doi.org/10.3390/atmos11121332
https://doi.org/10.1016/j.epsl.2024.118803
https://doi.org/10.1038/s41561-024-01564-5
https://doi.org/10.1038/s41561-024-01564-5

Ruiz-Fernandez, J., Oliva, M., Nyvlt, D., Cannone, N., Garcia-Hernandez, C., Guglielmin, M.,
Hrbacek, F., Roman, M., Fernandez, S., Lopez-Martinez, J., & Antoniades, D. (2019). Patterns
of spatio-temporal paraglacial response in the Antarctic Peninsula region and associated
ecological implications. Earth Science Reviews, 192, 379-402.
https://doi.org/10.1016/j.earscirev.2019.03.014.

Seybold, C. A., Balks, M. R., & Harms, D. S. (2010). Characterisation of active layer water
contents in the McMurdo Sound region, Antarctica. Antarctic Science, 22(6), 633—645.
https://doi.org/10.1017/S0954102010000696

Siegert, M., Atkinson, A., Banwell, A., Brandon, M., Convey, P., Davies, B., Downie, R.,
Edwards, T., Hubbard, B., Marshall, G., Rogelj, J., Rumble, J., Stroeve, J. & Vaughan, D.
(2019) The Antarctic Peninsula Under a 1.5°C Global Warming Scenario. Frontier in
Environmental Science, 7 (102). doi: 10.3389/fenvs.2019.00102

Smith, M.W., & Riseborough, D.W. (1996). Permafrost monitoring and detection of climate
change. Permafrost and Periglacial Processes, 7(4), 301-309.
https://doi.org/10.1002/(SICI)1099-1530(199610)7:4<301::AID-PPP231>3.0.CO;2-R

Stefan, J. (1891). Uber die Theorie der Eisbildung, insbesondere iiber die Eisbildung im
Polarmee. Annalen der Physik, 278(2), 269—-286. https://doi.org/10.1002/andp.18912780206
Tarca, G., Guglielmin, M., Convey, P., Worland, M. R., & Cannone, N. (2022). Small-scale
spatial-temporal variability in snow cover and relationships with vegetation and climate in
maritime Antarctica. Catena, 208, 105739. https://doi.org/10.1016/j.catena.2021.105739
Thomazini, A., Francelino, M.R., Pereira, A.B., Schiinemann, A.L., Mendonca, E.S., Michel,
R.F.M., Schaefer, C.E.G.R. (2020). The current response of soil thermal regime and carbon

exchange of a paraglacial coastal land system in maritime Antarctica. Land Degradation and
Development, 31: 655-666. DOI: 10.1002/1dr.3479

Turner, J., Lu, H.,White, 1., King, J.C., Phillips, T., Scott Hosking, J., Bracegirdle,
T.J.,Marshall, G.J., Mulvaney, R., & Deb, P., (2016). Absence of 21st century warming on
Antarctic Peninsula consistent with natural variability. Nature 535.
http://dx.doi.org/10.1038/nature18645.

Turner, J., Marshall, G., Clem, K., Colwell, S., Phillips, T. & Lu, H., 2020. Antarctic
temperature variability and change from station data. International Journal of Climatology, 40

(6), 2986 — 3007. https://doi.org/10.1002/joc.6378.

Ugolini, F.C., & Bockheim, J.G. (2008). Antarctic soils and soil formation in a changing
environment: A review. Geoderma, 144 (1-2), 1-8.
https://doi.org/10.1016/j.geoderma.2007.10.005

Uxa T., (2016). Discussion on, 'active layer thickness prediction on the Western Antarctic
peninsula' by Wilhelm et al. 2015. Permafrost and Periglacial Processes, 28, 493—498.

43


https://doi.org/10.1016/j.earscirev.2019.03.014
https://doi.org/10.1002/(SICI)1099-1530(199610)7:4%3c301::AID-PPP231%3e3.0.CO;2-R
https://doi.org/10.1002/andp.18912780206
https://doi.org/10.1016/j.catena.2021.105739

van Everdingen, R.O., 1976. "Geocryological terminology." Canadian Journal of Earth
Sciences, 13 (6), 862—-867.

Vieira, G., Bockheim, J., Guglielmin,M., Balks, M., Abramov, A.A., Boelhouwers, J.,
Cannone, N., Ganzert, L., Gilichinsky, D., Goryachkin, S., Lopez-Martinez, J., Raffi, R,
Ramos, M., Schaefer, C., Serrano, E., Simas, F., Sletten, R., & Wagner, D., (2010). Thermal
state of permafrost and active-layer monitoring in the Antarctic: advances during the

international polar year 2007-2008. Permafrost and Periglacial Processes. 21, 182—197.

Westermann, S., Ingeman-Nielsen, T., Scheer, J., Aalstad, K., Aga, J., Chaudhary, N.,
Etzelmiiller, B., Filhol, S., Kddb, A., Renette, C., Schmidt, L. S., Schuler, T. V., Zweigel, R.
B., Martin, L., Morard, S., Ben-Asher, M., Angelopoulos, M., Boike, J., Groenke, B., Miesner,
F., Nitzbon, J., Overduin, P., Stuenzi, S. M., & Langer, M. (2023). The CryoGrid community
model (version 1.0) — a multi-physics toolbox for climate-driven simulations in the terrestrial
cryosphere. Geoscientific Model Development, 16, 2607-2647. https://doi.org/10.5194/gmd-
16-2607-2023

Wilhelm, K. R., Bockheim, J. G., & Kung, S. (2015). Active Layer Thickness Prediction on the
Western Antarctic Peninsula. Permafrost and Periglacial Processes, 26(2), 188-199.
https://doi.org/10.1002/ppp.1845

Wilostowski, A. N., Gooseff, M. N., McKnight, D. M., & Lyons, W. B. (2018). Transit Times
and Rapid Chemical Equilibrium Explain Chemostasis in Glacial Meltwater Streams in the
McMurdo Dry Valleys, Antarctica. Geophysical Research  Letters, 45(24).
https://doi.org/10.1029/2018GL080369

Zhang, T., Osterkamp, T.E., & K. Stamnes (1997), Effects of climate on the active layer and
permafrost on the North Slope of Alaska, U.S.A., Permafrost Periglacial Processes, 8, 45—67.

Zhang, T. (2005). Influence of the seasonal snow cover on the ground thermal regime: An
overview. Reviews of Geophysics, 43 (4), RG4002, doi:10.1029/2004RG000157

44


https://doi.org/10.5194/gmd-16-2607-2023
https://doi.org/10.5194/gmd-16-2607-2023
https://doi.org/10.1029/2018GL080369

9 Supplements

The list of attached publications:

Paper 1:

Hrbacdek, F., Laska, K., Engel, Z., (2016): Effect of snow cover on the active-layer thermal
regime — a case study from James Ross Island, Antarctic Peninsula. Permafrost and Periglacial
Processes, 27(3), 307-315. (IF 2.0, Q2).

Abstract:

The response of active-layer thickness and the ground thermal regime to climatic conditions on
the Ulu Peninsula (James Ross Island, northeastern Antarctic Peninsula) in 2011-13 is
presented. The mean air temperature over this period was —8.0°C and ground temperature at 5
cm depth varied from —6.4°C (2011-12) to —6.7°C (2012-13). The active-layer thickness
ranged between 58 cm (January 2012) and 52 cm (February 2013). Correlation analyses indicate
that air temperature affects ground temperature more significantly on snow-free days
(R?=0.82) than on snow cover days (R?=0.53). Although the effect of snow cover on the daily
amplitude of ground temperature was observable to 20 cm depth, the overall influence of snow

depth on ground temperature was negligible (freezing n-factor of 0.95-0.97).

Paper 2:
Hrbacek, F., Oliva, M., Laska, K., Ruiz-Fernandez, J., de Pablo, M. A., Vieira, G., Ramos, M.,

& Nyvlt, D. (2016). Active layer thermal regime in two climatically contrasted sites of the
Antarctic Peninsula region. Cuadernos de Investigacion Geografica, 42(2), 457-474. (ESCI,
Q3)

Abstract:

Permafrost controls geomorphic processes in ice-free areas of the Antarctic Peninsula (AP)
region. Future climate trends will promote significant changes of the active layer regime and
permafrost distribution, and therefore a better characterization of present-day state is needed.
With this purpose, this research focuses on Ulu Peninsula (James Ross Island) and Byers
Peninsula (Livingston Island), located in the area of continuous and discontinuous permafrost
in the eastern and western sides of the AP, respectively. Air and ground temperatures in as low
as 80 cm below surface of the ground were monitored between January and December 2014.
There is a high correlation between air temperatures on both sites (r=0.74). The mean annual
temperature in Ulu Peninsula was -7.9°C, while in Byers Peninsula was -2.6°C. The lower air
temperatures in Ulu Peninsula are also reflected in ground temperatures, which were between
4.9 (5 cm) and 5.9°C (75/80 cm) lower. The maximum active layer thickness observed during
the study period was 52 c¢cm in Ulu Peninsula and 85 cm in Byers Peninsula. Besides climate,
soil characteristics, topography and snow cover are the main factors controlling the ground

thermal regime in both areas.
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Paper 3:
Hrbacdek, F., Nyvlt, D., Laska, K., (2017): Active Layer Thermal Dynamics at Two

lithologically Different Sites on James Ross Island, Eastern Antarctic Peninsula. Catena,
149(2), 592-602. (IF 3.19, Q1).

Abstract:

The active layer thermal regime was studied at two sites with different lithological properties
located on James Ross Island, eastern Antarctic Peninsula, to assess the main driving factors.
The Abernethy Flats site (41 m a.s.l.) is located in Cretaceous calcareous sandstones and
siltstones of the Santa Marta Formation. In contrast, the Berry Hill slopes site (56 m) is
composed of muddy to intermediate diamictites, tuffaceous siltstones to fine-grained
sandstones of theMendel Formation. The data of air temperature at 2mand ground temperature
at two 75-cm-deep profileswere analysed for the period 1 January 2012, to 31 December 2014.
Small differences were found when comparing mean air temperatures and ground temperatures
at 5, 50 and 75 cm depths, in the period 2012-2014.While the mean air temperatures varied
between —7.7 °C and —7.0 °C, the average ground temperatures oscillated between—6.6 °C
and—6.1 °C at 5 cm;—6.7 °C and—6.0 °C at 50 cm; and—6.9 °C and —6.0 °C at 75 cmat Abernethy
Flats and Berry Hill slopes, respectively. The increasing difference of ground temperature with
depth, and a significant difference in active layer thickness — 52 to 64 cm at Abernethy Flats
and 85 to 90 cm at Berry Hill slopes, respectively — suggests the significant effect of lithology.
The higher proportion of fine particles and more thermally conductive minerals, together with
higher water saturation, has been found to be fundamental for higher active layer thickness

documented at Berry Hill slopes.

Paper 4:

Hrbacdek, F., Kinazkova, M., Nyvlt, D., Laska, K., Mueller, C.W., Ondruch, J., (2017): Active
layer monitoring at CALM-S site near J.G. Mendel Station, James Ross Island, eastern
Antarctic Peninsula. Science of the Total Environment, 601, 987-997. (IF 4.90; D1).
Abstract:

The Circumpolar Active Layer Monitoring — South (CALM-S) site was established in February
2014 on James Ross Island as the first CALM-S site in the eastern Antarctic Peninsula region.
The site, located near Johann Gregor Mendel Station, is labelled CALM-S JGM. The grid area
is gently sloped (b3°) and has an elevation of between 8 and 11 m a.s.l. The lithology of the site
consists of the muddy sediments of Holocene marine terrace and clayey sandy Cretaceous
sedimentary rocks, which significantly affect the texture, moisture content, and physical
parameters of the ground within the grid. Our objective was to study seasonal and interannual
variability of the active layer depth and thermal regime at the CALM-S site, and at two ground
temperature measurement profiles, AWS-JGM and AWS-CALM, located in the grid. The mean
air temperature in the period March 2013 to February 2016 reached—7.2 °C. The mean ground
temperature decreased with depth from—5.3 °C to—5.4 °C at 5 cm, to —5.5 °C t0o—5.9 °C at 200
cm. Active layer thickness was significantly higher at AWS-CALM and ranged between 86 cm
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(2014/15) and 87 cm(2015/16), while at AWS-JGM it reached only 51 cm(2013/14) to 65 cm
(2015/16). The mean probed active layer depth increased from 66.4 cm in 2013/14 to 78.0 cm
in 2014/15. Large differences were observed when comparing the minimum (51 cm to 59 cm)
and maximum (100 cm to 113 cm) probed depths. The distribution of the active layer depth and
differences in the thermal regime of the uppermost layer of permafrost at CALM-S JGM clearly
show the effect of different lithological properties on the two lithologically distinct parts of the
grid.

Paper 5:

Knazkova, M., Hrbaédek, F., Kavan, J., & Nyvlt, D. (2020). Effect of hyaloclastite breccia
boulders on meso-scale periglacial-acolian landsystem in semi-arid Antarctic environment,
James Ross Island, Antarctic Peninsula. Cuadernos de Investigacion Geografica, 46(1), 7-31.
(ESCI, Q3).

Abstract:

In this study we aim to describe the processes leading to the creation of a specific periglacial
and aeolian landsystem, which evolves around the hyaloclastite breccia boulders on James Ross
Island, north-eastern Antarctic Peninsula. These boulders were deposited as a result of the Late
Holocene advance of Whisky Glacier, forming a well-developed boulder train approximately
5-km long, stretching front Whisky Glacier moraine to Brandy Bay. The combination of ground
temperature monitoring, Snow cover measurements, grain size analysis and field survey were
used to quantify and understand the interplay of periglacial and aeolian processes leading to the
formation of the specific meso-scale landsystems around the boulders. The ground temperature
probes were installed during January 2017 in the vicinity of two selected boulders. The two
study sites, at Monolith Lake (large boulder) and Keller Stream (smaller boulder), were also
fitted with snow stakes and trail cameras. An automatic weather station (AWS) on the
Abernethy Flats, located approximately two kilometres to the north-west, was used as a
reference site for ground temperature and snow cover thickness. The hyaloclastite breccia
boulders act as obstacles to wind and trap wind-blown snow, resulting in the formation of snow
accumulations on their windward and lee sides. These accumulations affect ground thermal
regime and lead to the transport of fine particles by meltwater from the snow during the summer
season. The snow cover also traps wind-blown fine sand resulting in the formation of
finegrained rims on the windward and lee sides of the boulders after the snow has melted.
Furthermore, the meltwater affects ground moisture content, creating favourable, but spatially

limited conditions for colonisation by mosses and lichens.
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Paper 6:
Hrbacdek, F., Cannone, N., Kinazkova, M., Malfasi, F., Convey, P., Guglielmin, M., (2020):

Effect of climate and moss vegetation on ground surface temperature and the active layer among
different biogeographical regions in Antarctica. Catena, 190, 104562. (IF 4.333; D1).
Abstract:

Ground surface temperature (GST) and active layer thickness (ALT) are key indicators of
climate change (CC) in permafrost regions, with their relationships with climate and vegetation
being crucial for the understanding of future climate change scenarios, as well as of CC
feedbacks on the carbon cycle and water balance. Antarctic ice free-areas host simplified
ecosystems with vegetation dominated by mosses and lichens, and an almost negligible
anthropogenic impact, providing a good template of ecosystem responses to CC. At three
different Antarctic Conservation Biogeographical Regions (ACBR) sites in Antarctica located
between 74 degrees and 60 degrees S, we compared barren ground and moss vegetated sites to
understand and quantify the effects of climate (air temperature and incoming radiation) and of
vegetation on GST and ALT. Our data show that incoming radiation is the most important driver
of summer GST at the southernmost site, while in the other sites air temperature is the main
driver of GST. Our data indicate that there is a decoupling between ALT and summer GST,
because the highest GST values correspond with the thinnest ALT. Moreover, our data confirm
the importance of the buffering effect of moss vegetation on GST in Antarctica. The intensity
of the effect of moss cover on GST and ALT mainly depends on the species-specific moss water
retention capacity and on their structure. These results highlight that the correct assessment of
the moss type and of its water retention can be of great importance in the accurate modelling of
ALT variation and its feedback on CC.

Paper 7:

Hrbacek, F., Uxa, T., 2020. The evolution of a near-surface ground thermal regime and
modeled active-layer thickness on James Ross Island, Eastern Antarctic Peninsula, in 2006-
2016. Permafrost and Periglacial Processes, 31(1), 141-155. (IF 2.701; Q1).

Abstract:

Thermal regime and thickness of the active layer respond rapidly to climate variations, and thus
they are important measures of cryosphere changes in polar environments. We monitored air
temperature and ground temperature at a depth of 5 cm and modeled active-layer thickness
using the Stefan and Kudryavtsev models at the Abernethy Flats site, James Ross Island,
Eastern Antarctic Peninsula, in the period March 2006 to February 2016. The decadal average
of air and ground temperature was -7.3 and -6.1 degrees C, respectively, and the average
modeled active-layer thickness reached 60 cm. Mean annual air temperature increased by 0.10
degrees C y(-1) over the study period, while mean annual ground temperature showed the
opposite tendency of -0.05 degrees C y(-1). The cooling took place mainly in summer and
caused thawing season shortening and active-layer thinning of 1.6 cm y(-1). However, these

trends need to be taken carefully because all were non-significant at p < 0.05. The Stefan and
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Kudryavtsev models reproduced the active-layer thickness with mean absolute errors of 2.6 cm
(5.0%) and 3.4 cm (5.9%), respectively, which is better than in most previous studies, making
them promising tools for active-layer modelling over Antarctica.

Paper 8:

Hrbacdek, F., Engel, Z., Kiazkova, M., Smolikov4, J. (2021). Effect of summer snow cover on
the active layer thermal regime and thickness on CALM-S JGM site, James Ross Island, eastern
Antarctic Peninsula. Catena, 207, 105608. (IF 5.198; D1).

Abstract:

This study aims to assess the role of ephemeral snow cover on ground thermal regime and active
layer thickness in two ground temperature measurement profiles on the Circumpolar Active
Layer Monitoring Network - South (CALM-S) JGM site on James Ross Island, eastern
Antarctic Peninsula during the high austral summer 2018. The snowstorm of 13-14 January
created a snowpack of recorded depth of up to 38 cm. The snowpack remained on the study site
for 12 days in total and covered 46% of its area six days after the snowfall. It directly affected
ground thermal regime as indicates temperature record at snow-covered profile AWS-JGM
which subsurface section was nearly 5 degrees C colder compared to the snow-free AWS-
CALM profile. The thermal insulation effect of snow cover is also reflected in the mean
monthly (January) and summer (DJF) ground temperatures on AWS-JGM that decreased by ca
1.1 and 0.7 degrees C, respectively. Summer thawing degree days at a depth of 5 cm decreased
by ca 10% and active layer was ca 5-10 cm thinner when compared to previous snow-free
summer seasons. Surveying by ground penetrating radar revealed a general active layer thinning
of up to 20% in those parts of the CALM-S which were covered by snow of >20 cm depth for

at least six days.

Paper 9:
Hrbacdek, F., Knazkova, M., Farzamian, M., Baptista, J. (2023). Variability of soil moisture on

three sites in the Northern Antarctic Peninsula in 2022/23. Czech Polar Reports, 13 (1), 10 —
23. (IF 1.0; Q4).

Abstract:

Soil moisture represents one of the crucial parameters of the terrestrial environments in
Antarctica. It affects the biological abundance and also the thermal state of the soils. In this
study, we present one year of volumetric water content and soil temperature measwater content
at all sites increased with depth. The mean summer values were between 0.24 and 0.37 cm®/cm’
(James Ross Island), 0.30 and 0.40 cm?®/cm?® (Nelson Island) and 0.11 and 0.36 cm?/cm? (King
George Island). We found that the freezing point of the soils was close to 0 °C on Nelson Island
and King George Island. We attributed the lower temperature of soil freezing around -0.5°C on
James Ross Island to the site location close to the sea. Even though the sites are located in the
distinctive climate zones and comprise of contrasting soil types, the only differences of moisture
regime were observed the surficial layer of the studied sites.
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Paper 10:
Knazkova, M., Hrbacek, F. (2024). Interannual variability of soil thermal conductivity and

moisture on the Abernethy Flats (James Ross Island) during thawing seasons 2015-2023.
Catena, 234, 107640. (IF 5.4, D1).

Abstract:

The knowledge of soil thermal properties is important for determining how a soil will behave
under changing climate conditions, especially in the sensitive environment of permafrost
affected soils. This paper represents the first complex study of the interplay between the
different parameters affecting soil thermal conductivity of soils in Antarctica. Antarctic
Peninsula is currently the most rapidly warming region of the whole Antarctica, with
predictions of this warming to continue in the upcoming decades. This study focuses on James
Ross Island, where the Abernethy Flats automatic weather station is located in a lowland area
with semi-arid climate. Air and ground temperature, soil heat flux and soil moisture during the
thawing season were monitored on this site from 2015 to 2023. Moreover, two approaches to
determining soil thermal conductivity were compared - laboratory measurements and
calculation from field data. During this period, mean annual temperatures have increased
dramatically for both air (from-6.9 degrees C in 2015/2016 to-3.8 degrees C in 2022/2023) and
ground (from-6.5 degrees C to-3.2 degrees C), same as active layer thickness (from 68 cm to
95 cm). Average soil thermal conductivity for the thawing period reached values between 0.49
and 0.74 W/m.K-1 based on field data. Statistically significant relationships were found
between the seasonal means of volumetric water content and several other parameters - soil
thermal conductivity (r = 0.91), thawing degree days (r = -0.87) and active layer thickness (r =
- 0.88). Although wetter soils generally have a higher conductivity, the increase in temperature
exhibits a much stronger control over the active layer thickening, also contributing to the overall

drying of the upper part of the soil profile.

Paper 11:
Kaplan Pastirikova, L., Hrbaédek, F., Uxa, T., Laska, K. (2023). Permafrost table temperature

and active layer thickness variability on James Ross Island, Antarctic Peninsula, in 2004—2021.
Science of the Total Environment, 869, 161690. (IF 9.8; D1).

Abstract:

Climate change and its impacts on sensitive polar ecosystems are relatively little studied in
Antarctic regions. Permafrost and active layer changes over time in periglacial regions of the
world are important indicators of climate variability. These changes (e. g. permafrost
degradation, increasing of the active layer thickness) can have a significant impact on Antarctic
terrestrial ecosystems. The study site (AWS-JGM) is located on the Ulu Peninsula in the north
of James Ross Island. Ground temperatures at depths of 5, 50, and 75 cm have been measured
at the site since 2011, while air temperature began to be measured in 2004. The main objective
is to evaluate the year-to-year variability of the reconstructed temperature of the top of the

permafrost table and the active layer thickness (ALT) since 2004 based on air temperature data
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using TTOP and Stefan models, respectively. The models were verified against direct
observations from a reference period 2011/12-2020/21 showing a strong correlation of 0.95
(RMSE = 0.52) and 0.84 (RMSE = 3.54) for TTOP and Stefan models, respectively. The
reconstructed average temperature of the permafrost table for the period 2004/05-2020/21 was
-5.8 degrees C with a trend of -0.1 degrees C/decade, while the average air temperature reached
-6.6 degrees C with a trend of 0.6 degrees C/decade. Air temperatures did not have an increasing
trend throughout the period, but in the first part of the period (2004/05-2010/11) showed a
decreasing tendency (-1.3 degrees C/decade). In the period 2011/ 12-2020/21, it was a warming
of 1.9 degrees C/decade. The average modelled ALT for the period 2004/05-2020/21 reached
a value of 60cm with a trend of -1.6 cm/decade. Both models were found to provide reliable
results, and thus they significantly expand the information about the permafrost and ALT,
which is necessary for a better understanding of their spatiotemporal variability and the impact
of climate change on the cryosphere.

Paper 12:

Hrbacek, F., Knazkova, M., Laska, K., Kaplan Pastirikova, L., (accepted). Active layer
warming and thickening on CALM-S JGM, James Ross Island, in the period 2013/14-2022/23.
Permafrost and Periglacial Processes. (IF 3.0, D1)

Abstract:

The Circumpolar Active Layer Monitoring — South (CALM-S) site was established near the
Johann Gregor Mendel (JGM) research station on James Ross Island in February 2014. The
CALM-S JGM grid, measuring 80 x 70 m, encompasses two distinct lithological units: a
Holocene marine terrace (covering approximately 75% of the grid) and Cretaceous sediments
of the Whisky Bay Formation (covering the remaining 25%). Within each lithology, a
monitoring profile was established to track the active layer thermal regime and thickness.
Additionally, active layer thaw depth probing has been conducted annually around mid-
February. Since 2017, the dataset has been further supplemented by surficial soil water content
measurements. During the study period (2013/14-2022/23), air temperature increased at a rate
of 0.2 °C per year. Consequently, the active layer thickness, defined by the 0 °C isotherm,
increased by an average of 1.5 cm per year, while mechanically probed thaw depths showed an
annual increase of 1.9 cm. This study confirms that local lithology strongly influences active
layer thermal regime. On average, the active layer thickness was 24 cm greater on AWS-CALM
(Cretaceous sediments) than on AWS-JGM (marine terrace). The thaw depth was 28 cm greater
in the Cretaceous sediment part of CALM-S compared to the marine terrace part. A strong
correlation (r =0.82 to r = 0.91) was found between active layer thickness and thaw depth with

thawing degree days of air and near-surface ground temperature in both lithologies.
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Paper 13:
Hrbacek, F., Oliva. M., Ruiz-Fernandez, J., Knazkova, M., de Pablo, M.A. et al., (2020).

Modelling ground thermal regime in bordering (dis)continuous permafrost environments.
Environmental Research, 181, 108901. (IF 5.715; Q1)

Abstract:

Permafrost controls geomorphological dynamics in maritime Antarctic ecosystems. Here, we
analyze and model ground thermal regime in bordering conditions between continuous and
discontinuous permafrost to better understand its relationship with the timing of glacial retreat.
In February 2017, a transect including 10 sites for monitoring ground temperatures was installed
in the eastern fringe of Byers Peninsula (Livingston Island, northern Antarctic Peninsula),
together with one station recording air temperatures and snow thickness. The sites were selected
following the Mid-Late Holocene deglaciation of the area at a distance ranging from 0.30 to
3.15 km from the current Rotch Dome glacier front. The transect provided data on the effects
of topography, snow cover and the timing of ice-free exposure, on the ground thermal regime.
From February 2017 to February 2019, the mean annual air temperature was - 2.0 degrees C,
which was > 0.5 degrees C higher than 1986-2015 average in the Western Antarctic Peninsula
region. Mean annual ground temperature at 10 cm depth varied between 0.3 and -1.1 degrees
C, similar to the modelled Temperatures on the Top of the Permafrost (TTOP) that ranged from
0.06 +/- 0.08 degrees C to -1.33 +/- 0.07 degrees C. The positive average temperatures at the
warmest site were related to the long-lasting presence of snow which favoured warmer ground
temperatures and may trigger permafrost degradation. The role of other factors (topography,
and timing of the deglaciation) explained intersite differences, but the overall effect was not as

strong as SNnow cover.

Paper 14:
Obu, J., Westermann, S., Vieira, G., Abramov, A., Balks, M.R., Bartsch, A., Hrbacek, F.,

Kaab, A., Ramos, M., (2020): Pan-Antarctic map of near-surface permafrost temperatures at 1
km(2) scale. The Cryosphere, 14(2), 497 - 519. (IF 4.713; D1).

Abstract:

Permafrost is present within almost all of the Antarctic's ice-free areas, but little is known about
spatial variations in permafrost temperatures except for a few areas with established ground
temperature measurements. We modelled a temperature at the top of the permafrost (TTOP) for
all the ice-free areas of the Antarctic mainland and Antarctic islands at 1 km(2) resolution
during 2000-2017. The model was driven by remotely sensed land surface temperatures and
downscaled ERA-Interim climate reanalysis data, and subgrid permafrost variability was
simulated by variable snow cover. The results were validated against in situ-measured ground
temperatures from 40 permafrost boreholes, and the resulting root-mean-square error was 1.9
degrees C. The lowest near-surface permafrost temperature of -36 degrees C was modelled at
Mount Markham in the Queen Elizabeth Range in the Transantarctic Mountains. This is the

lowest permafrost temperature on Earth, according to global-scale modelling results. The
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temperatures were most commonly modelled between -23 and -18 degrees C for mountainous
areas rising above the Antarctic Ice Sheet and between -14 and -8 degrees C for coastal areas.
The model performance was good where snow conditions were modelled realistically, but
errors of up to 4 degrees C occurred at sites with strong wind-driven redistribution of snow.
Paper 15:

Hrbacek, F., Vieira, G., Oliva, M., Balks, M., Guglielmin, M., de Pablo, M.A., Molina, A.,
Ramos, M., Goyanes, G., Meiklejohn, 1., Abramov, A., Demidov, N., Fedorov-Davydov, D.,
Lupachev, A., Rivkina, E., Laska, K., Knazkova, M., Nyvlt, D., Raffi, R.,Strelin, J., Sone, T.,
Fukui, K., Dolgikh, A., Zazovskaya, E., Mergelov, N., Osokin, N., Miamin, V., 2021. Active
layer monitoring in Antarctica: an overview of results from 2006 to 2015. Polar Geography, 44
(3), 217-231. (IF 2.6, Q2).

Abstract:

Monitoring of active layer thawing depth and active layer thickness (ALT), using mechanical
pronging and continuous temperature data logging, has been undertaken under the Circumpolar
Active Layer Monitoring - South (CALM-S) program at a range of sites across Antarctica. The
objective of this study was to summarize key data from sites in different Antarctic regions from
2006 to 2015 to review the state of the active layer in Antarctica and the effectiveness of the
CALMS-S program. The data from 16 sites involving 8§ CALM-S and another 8 boreholes across
the Antarctic have been used in the study. Probing for thaw depth, while giving information on
local spatial variability, often underestimates the maximum ALT of Antarctic soils compared
to that determined using continuous temperature monitoring. The differences are likely to be
caused by stones limiting probe penetration and the timing of probing not coinciding with the
timing of maximum thaw, which varies between seasons. The information on the active layer
depth is still sparse in many regions and the monitoring needs to be extended and continued to
provide a better understanding of both spatial and temporal variability in Antarctic soil thermal
properties.
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Paper 16:
Hrbacek, F., Oliva, M., Hansen, C., Balks, M., O'Neill, T.A., de Pablo, M.A., Ponti, S., Ramos,

M., Vieira, G., Abramov, A., Kaplan Pastirikova, L., Guglielmin, M., Goyanes, G., Francellino,
M.R., Schaefer, C., Lacelle, D., 2023. Active layer and permafrost thermal regimes in the ice-
free areas of Antarctica. Earth Science Reviews, 242, 104458. (IF 12.1, D1).

Abstract:

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 degrees 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
0f-0.9 degrees 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.
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ABSTRACT

The response of active-layer thickness and the ground thermal regime to climatic conditions on the Ulu Peninsula
(James Ross Island, northeastern Antarctic Peninsula) in 2011-13 is presented. The mean air temperature over this
period was —8.0°C and ground temperature at 5 cm depth varied from —6.4°C (2011-12) to —6.7°C (2012-13). The
active-layer thickness ranged between 58 cm (January 2012) and 52 cm (February 2013). Correlation analyses indi-
cate that air temperature affects ground temperature more significantly on snow-free days (R®=0.82) than on snow
cover days (R?=0.53). Although the effect of snow cover on the daily amplitude of ground temperature was observ-
able to 20 cm depth, the overall influence of snow depth on ground temperature was negligible (freezing n-factor of

0.95-0.97). Copyright © 2015 John Wiley & Sons, Ltd.

KEY WORDS: active-layer; ground temperature; snow cover; air temperature; Antarctic Peninsula; active layer thickness

INTRODUCTION

The Antarctic Peninsula (AP) has experienced the largest
atmospheric warming of all regions on Earth over the last
50years (Turner et al., 2002), with the temperature increase
accelerating downwasting of ice sheets on the AP (Vaughan,
2006) and causing the collapse of ice shelves along its eastern
coast (Cook and Vaughan, 2010). The response of regional
permafrost to this warming remains unknown and represents
one of the most important topics in climate modelling,
because numerical models suggest that permafrost may
become the dominant contributor of CO, and CH, into the
atmosphere in the 21%" century (Schaefer et al., 2011).
Despite the increasing number of periglacial studies focusing
on the AP in the last decade (Vieira et al., 2010; Guglielmin
et al., 2014; Bockheim et al., 2013; De Pablo et al., 2014;
Almeida et al., 2014; Goyanes et al., 2014), thermal condi-
tions in the active layer and its interaction with meteorologi-
cal factors are not well known. In particular, the influence of
snow on active-layer thickness (ALT) and the thermal regime
is relatively poorly understood, despite being a major modu-
lating factor to the atmosphere (Boike ef al., 2008; Vieira

*Correspondence to: F. Hrbacek, Masaryk University, Faculty of
Science, Department of Geography, Kotlaiskd 2, 611 37 Brno, Czech
Republic. E-mail: hrbacekfilip@gmail.com

Copyright © 2015 John Wiley & Sons, Ltd.

et al., 2014). In this paper, we evaluate the effect of air tem-
perature and snow cover on active-layer temperature in the
northern part of James Ross Island (JRI) from March 2011
to April 2013, one of the largest permafrost regions in the
northeastern AP.

REGIONAL SETTINGS

The study site (63°48’S 57°52'W) is located in the Ulu
Peninsula, northern JRI (Figure 1), approximately 100 m
south of the Johann Gregor Mendel Station at 10m asl.
Glaciers started to retreat from the Ulu Peninsula before
12.9ka (Nyvlt ez al., 2014), leaving low-lying areas ice-free
at the beginning of the Holocene. At present, small glaciers
persist only on high-altitude volcanic plateaus and in valley
heads (Engel et al., 2012). Permafrost in the northern part of
JRI can approach 95 m in thickness and the ALT is highly var-
iable, ranging from 22 to 150cm (Borzotta and Trombotto,
2004; Engel et al., 2010; Bockheim et al., 2013). The study
site is located on a Holocene marine terrace (Figure 2)
formed by beach deposits composed of gravelly sand
(Stachon et al., 2014).

The climate of JRI is dominated by the advection of air
masses, which are strongly influenced by the position of
the AP relative to the circumpolar trough of low pressure
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Figure 2 (A) Detailed view of the study site and (B, C) its geomorphological position on the northern coast of the Ulu Peninsula. The red arrow marks the
study site near Mendel Station. This figure is available in colour online at wileyonlinelibrary.com/journal/ppp

(Domack et al., 2003). A complex orography causes fre-
quent variation between two main advection patterns: (1)
cold and dry southerly winds blowing along the eastern
coast of the AP, and (2) westerly winds bringing relatively
warm maritime air masses across the peninsula to northern
JRI (King et al., 2003; Zvéfina et al., 2014). The mean an-
nual air temperature (MAAT) at Mendel Station is —6.8°C
(2006-11) and the extremes of mean daily air temperatures
vary between around 8°C in January and -30°C in
July/August (Léska et al., 2012). Mean daily temperatures
above 0°C typically occur only for 2 months each summer
(December—January), with hourly maximum and minimum
values of 10°C and —5°C, respectively (Laska et al., 2011).
According to data from Esperanza, the nearest station making

Copyright © 2015 John Wiley & Sons, Ltd.

long-term observations on the northern AP, the temperature
was 0.2°C colder in 2011-13 than over the reference period
of 1961-2000, with a MAAT of -5.2°C (Turner et al.,
2004). Precipitation is mostly snow and estimated to range
from 300 to 500 mm water equivalent per year (Van Lipzig
etal.,2004).

METHODS

Temperature in the active layer was measured at depths of 5,
10, 20, 30, 50 and 75 cm using Pt100/Class A platinum re-
sistance thermometers (EMS, Brno, Czech Republic). Air
temperature was measured 2m above ground level using

Permafrost and Periglac. Process., (2015)



an EMS33 sensor (EMS Brno) with a Pt100/Class A plati-
num resistance thermometer placed inside a solar radiation
shield. Both ground and air temperatures were measured
with an accuracy of+0.15°C and data were recorded at
30min intervals with an EdgeBox V12 datalogger (EMS
Brno). We then calculated mean daily air temperatures, the
cumulative sum of mean daily air temperatures above 0°C
(the thawing-degree days — TDD,) and the cumulative
sum of mean daily air temperatures below 0°C (the
freezing-degree days — FDD,), according to Guglielmin
et al. (2008) and De Pablo er al. (2014). Incoming and
reflected shortwave radiation (used to estimate albedo) were
measured using EMS-11 (EMS Brno) and CM6B (Kipp &
Zonen, Delft, The Netherlands) pyranometers, respectively,
at 10s time intervals and stored as 30 min average values.
Snow depth was recorded every 2 h using an ultrasonic depth
sensor (Judd Communication, Salt Lake City, UT, USA)
with an accuracy of+1cm. All meteorological parameters
and ground temperature data were analysed during the period
from 1 March 2011 to 30 April 2013. MAAT and mean
annual ground temperature (MAGT) were also calculated
for a period of 2years from March 2011 to February 2013,
referred to in the text as the 2011-12 and 2012-13 periods.

The ground thermal regime for the period of 2011-13 was
evaluated in accordance with recent studies investigating
Maritime Antarctic (Guglielmin ef al., 2008; Michel et al.,
2012; De Pablo et al., 2014), using the following parameters:
(1) mean annual and monthly ground temperatures; (2) the cu-
mulative sum of mean daily ground temperatures above 0°C
(the thawing-degree days — TDD,); (3) the cumulative sum
of mean daily ground temperatures below 0°C (the freezing-
degree days — FDD,); and (4) the ALT, interpolated as the
0°C isotherm depth and derived from contours of the daily
mean ground temperature interpolated using kriging algo-
rithms in the Surfer® software program (Golden Software,
Golden, CO, USA).

Freezing and thawing n-factors (Karunaratne and Burn, 2003)
were calculated in order to evaluate the buffering effects of the
snow layer on heat transmission between air and the ground sur-
face (De Pablo er al., 2014), with the effect of air temperature on
the ground analysed at 5 cm depth (e.g. Zhang et al., 1997).

Snow cover duration was estimated using a combination
of ultrasonic depth sensors and the radiometric albedo.
The criteria for snow occurrence were a depth > 2 cm (from
the ultrasonic sensors) and albedo > 0.4 (which corresponds
to old snow; Warner, 2004). Snow depth records were avail-
able for the period from 1 March 2011 to 11 June 2012,
while radiometric albedo data were available for the periods
from 20 February to 16 May 2011 and 5 March 2012 to 30
April 2013. Despite the presence of gaps in the records due
to sensor malfunctions, we were able to analyse an insula-
tion effect of snow cover on the ground temperature regime
at 5cm depth using (1) correlation analysis between mean
daily air and ground temperatures during the surface
snow-free and snow cover periods, and (2) comparison of
the snow cover records with ground temperature daily am-
plitudes (Zhang et al., 1997).

Copyright © 2015 John Wiley & Sons, Ltd.
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RESULTS
Air and Ground Temperatures

The MAAT over the whole 2 year study period was —8.0°C;
although the individual MAAT values for the 2 years were
equal, the temperature range differed from 44.0°C (2011-
12) to 42.3°C (2012-13). The larger temperature extreme
in 2011-12 was documented by a lower mean temperature
of the coldest month (July 2011, —18.5°C) and a higher
mean temperature of the warmest month (December 2011,
2.0°C) compared to those for 2012-13 (-15.0°C and 0.2°
C, respectively). The maximum air temperature recorded
during the entire study period was 11.6°C on 23 February
2013; the minimum recorded was —34.1°C on 26 July 2011.

The MAGT at 5 cm depth was —6.4°C in 2011-12 and —
6.7°C in 2012-13. The mean monthly ground temperature
at S5cm depth varied between —16.3°C (July 2011) and
6.1°C (December 2011). Minimum (-26.3°C) and maxi-
mum (16.0°C) Scm ground temperatures over the study
period were recorded on 1 August 2011 and 18 December
2012, respectively. The MAGT at 50 cm depth, which rep-
resents active-layer conditions close to the permafrost table,
ranged between —6.1°C in 2011-12 and —6.0°C in 2012-13.
Minimum (-16.3°C) and maximum (1.3°C) ground temper-
atures at 50cm were recorded on 5 August 2011 and 26
January 2012, respectively. The MAGT at 75cm depth,
which represents the uppermost part of the permafrost zone,
reached —5.8°C, while maximum and minimum tempera-
tures for the greatest depth were —1.0°C and -14.4°C,
respectively.

Thawing and Freezing Seasons

The duration of the thawing season as defined by the ther-
mal regime at Scm depth differed significantly between
the two periods (Table 1). In 2011-12, the thawing season
started on 9 October 2011 and terminated on 27 March
2012, lasting for 170 days. In 2012—13, the thawing season
both started and ended later (13 December 2012 and 20
April 2013, respectively) and its duration was considerably
shorter (128 days). The mean ground temperature at 5cm
depth was lower during the longer thawing season of
2011-2012 (2.3°C) than during the shorter thawing season
of 2012-13 (4.3°C). TDD, calculated for the thawing sea-
son, however, was much higher in 2011-12 (496.1°C day)
than in 2012-13 (358.3°Cday). The active layer thawed
slowly in 2011-12, reaching its maximum on 26 January
2012 (58 cm). In contrast, active-layer thaw was more rapid
in 201213, reaching its maximum on 13 February 2013
(52cm).

The freezing season at 5cm depth lasted for 203 days in
2011 and 259 days in 2012. The mean ground temperature
at S5cm varied from —13.4°C in the freezing season of
2011 to —10.6°C in that of 2012. Despite the lower mean
temperature recorded in 2011, a small difference in total
FDD, was observed between the two freezing seasons, at
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Table 1 Quantitative characteristics of freezing and thawing seasons at Mendel Station during the period 2011-13.

Freezing season Thawing season
2011 2012 2011-12 201213

Period 19/3/2011 28/3/2012 9/10/2011 13/12/2012

8/10/2011 12/12/2012 27/3/2012 20/4/2013
Duration (days) 203 259 170 128
Mean air temperature (°C) —13.7 —11.0 —-1.0 -0.5
Mean GTs ., (°C) —134 —10.6 2.3 4.3
Min air temperature (°C) —34.1 —30.7 —17.2 —14.6
Max air temperature (°C) 5.7 7.1 9.9 11.6
Min GTs ., (°C) —26.0 —23.5 —12.3 —114
Max GTs o (°C) —-04 -0.3 15.3 16.0
Min GT75 o (°C) —14.4 —12.0 -9.0 -33
Max GT75 o (°C) —1.2 -1.0 -1.0 —1.1
FDD, (°C day) —2814.1 —2878.9 —330.4 —195.8
FDD, (°C day) —2735.5 —2748.5 —100.6 —717.6
n-factor 0.97 0.95 3.03 2.27
TDD, (°C day) 22.0 28.9 163.8 157.7
TDD, (°C day) 0.0 0.0 496.1 358.3

GTs m=Ground temperature at 5cm depth. See text for other abbreviations.

—2735.5°Cday in 2011 and -2748.5°Cday in 2012. Al-
though positive air temperatures were recorded on several
days during both the freezing seasons (Table 1), there were
no signs of ground thaw at 5 cm depth.

Effect of Snow Cover on Ground Temperature

The temporal distribution and duration of snow cover on
JRI varied significantly over the study period (Figure 3).
In 2011-12, snow covered the study site for 167 days,
with the period of continuous snow cover lasting from
22 March to 20 September (67 days). The period of maxi-
mum snow depth (21 to 34 cm) persisted from 29 June to
23 July. In 2012-13, continuous snow cover occurred
between 8§ May and 12 December. The maximum snow
depth of 15cm was observed on 8 May, with relatively
thick snow cover (up to 10cm) lasting until at least 6 June.
The continuous period of fresh snow cover was registered
between 21 June and 10 December, based on an
albedo > 0.80 (Warner, 2004).

Figure 4 shows the relationship between air temperature
and ground temperature at Scm depth for all days
(Figure 4A, D), snow-free days (Figure 4B, E) and snow
cover days (Figure 4C, F) during 2011-12 (Figure 4A-C)
and 2012—-13 (Figure 4D-F). The correlation patterns reveal
a significant relationship between the air and ground temper-
atures (coefficient of determination R>=0.80) in 2011-12.
Moreover, a closer correlation between these temperatures
was found for snow-free days (R?=0.82) than for snow
cover days (R*=0.53). In contrast, a less significant rela-
tionship (R*=0.67) between air and ground temperatures
at 5cm depth, as well as a very small difference between
snow-free days (R>=0.56) and snow cover days
(R®>=0.52), was observed in 2012—13.

Copyright © 2015 John Wiley & Sons, Ltd.

The effect of snow cover on the active-layer thermal
regime was also indicated by a reduction in the daily ampli-
tude of ground temperature. Although the influence of snow
cover on amplitude values was detected to a depth of 20 cm,
the most significant temperature changes were recorded at
Scm depth (Figure 5). Mean daily ground temperature
amplitudes during snow-free days in thawing seasons
ranged between 5.8°C at 5 cm and 1.5°C at 20 cm. The max-
imum daily ground temperature amplitude was recorded
between 6 and 9 March 2012, when values ranged from
15°C at 5cm to 5°C at 20cm. The effects of snow cover
on daily ground temperature amplitudes were more signifi-
cant during freezing seasons, with the longer duration of
snow cover in 2012 resulting in lower amplitude values
(1.9°C at 5cm and 0.9°C at 20cm) than those recorded in
2011 (3.7°C and 1.2°C). Diurnal amplitudes of ground tem-
perature rarely decreased to 0.1°C during freezing seasons.
The longest period of very low diurnal amplitudes at depths
from 5 to 20cm (0.1 to 0.4°C) was observed between 1 and
11 November 2012.

The overall influence of snow on the ground thermal
regime at 5cm depth during the freezing seasons can be
seen in the obtained values of the freezing n-factors (Table 1;
Figure 6). Total freezing n-factors varied between 0.97
(2011) and 0.95 (2012), with values ranging from 0.85 to
0.95 on snow cover days. Differences in freezing n-factor
development were observed between the respective freezing
seasons of 2011 and 2012. The slower increase in the n-fac-
tor during the period from the end of March 2011 to the end
of May 2011 indicates a more significant effect of snow
cover during this early winter than in 2012. The observed
freezing n-factor regime indicates periods with thicker snow
cover, which caused a slight decrease from values > 0.95 to
approx. 0.90 in both study years.
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DISCUSSION

Active-Layer Conditions

The annual variability of air and ground temperatures at Men-
del Station, compared to similar data from the South Shetland
Islands and South Orkney Islands, suggests that considerably
colder climatic conditions occur on JRI (see Table 2). This
is also indicated by the significantly lower FDD, values
(-2735.5 to —2748.5°C day) calculated for Mendel Station
compared to those of =500 and -900 to —1200°C day re-
ported from the South Shetland Islands and South Orkney
Islands, respectively (Michel et al., 2012; Guglielmin
et al., 2012; Almeida et al., 2014; De Pablo et al., 2014).

Copyright © 2015 John Wiley & Sons, Ltd.

Although winters are generally much colder on JRI than
in the northern AP, we detected that subsurface conditions
can potentially be warmer during thawing seasons on JRI
than on South Shetland or South Orkney. TDD, values cal-
culated for JRI (496.1°C day in 2011-12 and 358.3°C day in
2012-13) are significantly higher than those for Livingston
Island (98 to 257°Cday; De Pablo et al., 2014) and Signy
Island (2cm TDD, ranged between 260.5 and 378.0°C day
for the period 2006-09; Guglielmin et al., 2012). An even
higher TDD, value of 618°Cday has been recorded at
Rothera Point, Adelaide Island (Guglielmin ef al., 2014).

The active layer is generally thinner and less variable on
JRI (22 to 150cm according to Borzotta and Trombotto,
2004; Engel et al., 2010) than on the South Orkney Islands
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Table 2 Climatic conditions and active-layer depths at reported sites in the northern Antarctic Peninsula.

Region Study area  Elevation Period MAAT MAGT Ground ALT Reference
(m asl) °O) °0C) temperature (cm)
measurement depth
(cm)
South Orkney Islands Signy 80 1/06-12/09 3.7 24 2 112-158 Guglielmin
Island -2.0% 2 101 et al. (2012)
South Shetland Islands King 65-70 2/08-1/09 NA —0.8 8.5 89-92  Michel
George et al. (2012)
Island 86 4/09-1/11 -3.0 —14 10 120-147 Almeida
et al. (2014)
Livingston 105 2/09-2/13 =25 —-0.8 2.5 99-105 De Pablo
Island et al. (2014)
Deception 130 1/10-12/10 2.3 —1.5 2 46-67  Goyanes
Island etal (2014)
Trinity Peninsula James 10 3/11-2/13  —-80  —6.6 5 52-58  This study
Ross
Island

“Data for site covered by vegetation. NA = Data not available. See text for other abbreviations.

(80 to 220 cm according to Guglielmin et al., 2008, 2012;
Bockheim et al., 2013) and South Shetland Islands (30
to>500cm; Vieira et al., 2010; Michel et al., 2012;
Bockheim et al., 2013; De Pablo et al., 2014; Almeida
et al., 2014; Goyanes et al., 2014). The ALT of 52 to
58 cm recorded at Mendel Station during the period 2011-
13 is significantly lower than that observed in other low-
elevation parts of JRI and the AP region over the last decade
(Borzotta and Trombotto, 2004; Engel er al., 2010;
Bockheim et al., 2013).

Effects of Air Temperature and Snow Cover on the
Ground Thermal Regime

The data obtained in northern JRI between March 2011 and
April 2013 reveal the impacts of air temperature and snow
cover on the ground thermal regime. The correlation
between air and ground temperatures indicates a close rela-
tionship between these two variables during snow-free days,
with diurnal ground temperature changes on these days
directly reflecting air temperature variation (Figure 3A, C).
Such changes in air temperature also control the duration
of the freezing and thawing seasons, as indicated by the sea-
sonal differences observed between 2011-12 and 2012-13.
Mean monthly air temperatures from October to December
2011 (-5.3 to 2.0°C) were significantly higher than those
in 2012 (-8.8 to —2.7°C), resulting in an extended thawing
period in 2011-12. The colder climatic conditions at the
end of the 2012 freezing season also prolonged the presence
of snow cover (see below), which in turn prevented the
ground from thawing on days with high solar radiation.

A number of studies have suggested that the effect of air
temperature on ground temperature is highly variable in the
AP region (Cannone et al., 2006; Guglielmin et al., 2014).
Whereas a relatively weak correlation (r=0.58 to 0.82)

Copyright © 2015 John Wiley & Sons, Ltd.

between air and ground temperatures was reported from
King George Island and Signy Island (Cannone er al.,
2006) in areas covered by different types of vegetation, a
stronger relationship (r>0.90) was described in areas of
bare ground at Rothera Point (Guglielmin ez al., 2014). This
difference in effect may be attributed to the variable ground
surface conditions at the various study sites. The ground
surface at the site on JRI investigated in the present study
is free of vegetation, which is, by contrast, well developed
on Signy Island, where a significant influence of vegetation
cover on ground temperatures was found (Cannone et al.,
2006). We also observed greater variability in ground tem-
perature at Scm depth during winters with thinner snow
cover, in contrast to the South Shetland Islands where a
snow depth greater than 40cm had a significant effect on
the active-layer thermal regime (De Pablo et al., 2014).
The minor effect of a thin snow cover on the ground ther-
mal regime during the freezing season at the study site is
also indicated by the high freezing n-factor values (0.95
to 0.97). Lower n-factor values (0.2 to 0.7) have been
reported from Maritime Antarctica (De Pablo er al., 2014;
Almeida et al., 2014), reflecting the deeper winter snow
cover at sites on Livingston Island (De Pablo et al., 2014)
and King George Island (Almeida et al., 2014).

Our conclusions regarding the effect of snow cover on
active-layer conditions, however, should be treated with cau-
tion, as snow cover depth and distribution are highly variable
and our field data cover only a brief time period. The irregu-
lar pattern of snow cover results from a combination of local
climatic conditions, wind structure and orographic effects on
precipitation (e.g. Turner et al., 2002). Moreover, Van Lipzig
et al. (2004) confirmed an orographic effect of the AP on the
spatial distribution and irregular accumulation of snow along
the AP coast. On the Ulu Peninsula, the relationship between
snow drift and prevailing wind direction was reported by
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Zvétina et al. (2014), suggesting a redistribution of snow
deposits in areas of low elevation in the Abernethy Flats
(6 km south of Mendel Station). Clearly, more work is needed
regarding the snow cover distribution across JRI, using both
ground-based and remote sensing observations.

CONCLUSIONS

Based on 2 years of meteorological observations and active-
layer ground temperature monitoring at Mendel Station on
JRI, we draw the following conclusions:

1. ALTs were observed between the end of January and the
middle of February. Thicknesses of 58 and 52 cm mea-
sured in 2012 and 2013, respectively, are significantly
lower than the ALT reported from low-elevation sites
on the South Shetland Islands and South Orkney Islands.

2. Correlation analysis indicates a significant effect of air
temperature on the ground thermal regime. This effect is
especially apparent under snow-free conditions and dur-
ing the advection of relatively warm air masses that cause
large day-to-day changes in air temperature during winter.
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ABSTRACT. Permafrost controls geomorphic processes in ice-free areas of the
Antarctic Peninsula (AP) region. Future climate trends will promote significant
changes of the active layer regime and permafrost distribution, and therefore
a better characterization of present-day state is needed. With this purpose, this
research focuses on Ulu Peninsula (James Ross Island) and Byers Peninsula
(Livingston Island), located in the area of continuous and discontinuous perma-
frost in the eastern and western sides of the AP, respectively. Air and ground
temperatures in as low as 80 cm below surface of the ground were monitored bet-
ween January and December 2014. There is a high correlation between air tem-
peratures on both sites (r=0.74). The mean annual temperature in Ulu Peninsula
was -7.9°C, while in Byers Peninsula was -2.6°C. The lower air temperatures in
Ulu Peninsula are also reflected in ground temperatures, which were between
4.9 (5 cm) and 5.9°C (75/80 cm) lower. The maximum active layer thickness ob-
served during the study period was 52 cm in Ulu Peninsula and 85 cm in Byers
Peninsula. Besides climate, soil characteristics, topography and snow cover are
the main factors controlling the ground thermal regime in both areas.

Régimen termal de la capa active en dos dreas climdticamente contrastadas de
la Peninsula Antdrtica

RESUMEN. El permafrost controla los procesos geomorfologicos en las regiones
libres de hielo de la Peninsula Antdrtica (AP). Las tendencias climdticas futuras
conllevardn cambios significativos en el régimen térmico de la capa activa y en la
distribucion del permafrost, y por ello, se necesita una mejor caracterizacion de
su estado actual. Con este objetivo, esta investigacion se centra en la Peninsula
Ulu (isla James Ross) y la Peninsula Byers (isla Livingston), dreas emplazadas
en zonas de permafrost continuo y discontinuo del este y oeste de la AP, respecti-
vamente. Las temperaturas del aire y de suelo hasta 80 cm fueron monitorizadas
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entre enero y diciembre de 2014. Existe una alta correlacion entre la temperatura
del aire en ambos sitios (r = 0,74). La temperatura media anual en la Peninsula
Ulu fue de -7,9°C, mientras que en la Peninsula Byers fue -2,6°C. Las tempera-
turas del aire mds frias registradas en la Peninsula Ulu también se detectaron en
las temperaturas del suelo, que fueron entre 4,9 (5 cm) y 5,9°C (75/80 cm) mds
frias. El espesor mdximo de la capa activa durante el periodo de estudio fue de
52 cm de la Peninsula Ulu y 85 cm en la Peninsula Byers. Ademds del clima, las
caracteristicas del suelo, la topografia y la cubierta de nieve, son los principales
factores que controlan el régimen térmico del suelo en ambas regiones.

Key words: Antarctic Peninsula, James Ross Island, Livingston Island, active
layer, air and ground temperatures.

Palabras clave: Peninsula Antdrtica, isla James Ross, isla Livingston, capa acti-
va, temperaturas de suelo y de aire.
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1. Introduction

The air temperature in the Antarctic Peninsula region (AP) increased locally by ca.
2.5°C since the mid-20th century (Turner et al., 2005) with one of the fastest warming rates
on Earth. In the ice-free areas of the AP region, this warming has had a significant impact
on terrestrial and aquatic ecosystems (Bockheim ez al., 2013). Since the International
Polar Year (2007-2009), an increasing interest of the cryospheric community has been
directed towards understanding the active layer dynamics and permafrost distribution in
the Antarctic Peninsula region. Most of the studies have focused on the western part of
AP, mainly on the South Shetlands region (Ramos and Vieira, 2003; Ramos et al., 2008;
de Pablo et al., 2013, 2014; Goyanes et al., 2014), while only a few studies examined the
state and characteristics of permafrost in the eastern part of AP (e.g. Hrbdcek et al., 2015).
Over the last few years some studies provided a brief comparison between active layer
conditions on the western and eastern sides of the AP summarizing primary information
such as permafrost temperatures or maximum active layer thickness (ALT) (e.g. Vieira et
al., 2010; Bockheim et al., 2013). However, these studies have not compared active layer
thermal regimes in both regions.

This research focuses on two sites located on James Ross Island (eastern AP) and
Livingston Island (western AP). While permafrost distribution is known to be continuous
on James Ross Island (Davies et al., 2013), it is discontinuous in the lowlands of the
Livingston Island turning to continuous in elevations above 150 m (Vieira et al., 2010).
The main purpose of this study is the comparative examination of the ground thermal

470 CIG 42 (2), 2016, p. 469-488, ISSN 0211-6820



Active layer thermal regime in the Antarctic Peninsula

regime on both sites in order to better understand the factors controlling active layer

dynamics in the AP region.

2. Study sites

This work focuses on two large ice-free areas located on islands on both sides of the

AP region: (a) Ulu Peninsula (ca. 180 km?), James Ross Island, eastern AP, and (b) Byers
Peninsula (ca. 60 km?), Livingston Island, western AP (Figs. 1 and 2).
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Figure 1. Location of Ulu Peninsula (James Ross Island) and Byers Peninsula (Livingston
Island) in northern Antarctic Peninsula region.
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Figure 2. View to study sites and its vicinity at Ulu Peninsula (A, B) and Byers Peninsula (C, D).

2.1. James Ross Island - Ulu Peninsula

Climate of the Ulu Peninsula corresponds to semi-arid polar continental regime (Martin
and Peel, 1978) with mean annual air temperature (MAAT) at sea level of -6.8°C for the
period 2006-2011 (Ldska et al., 2012). The annual amplitude of air temperatures exceeds
40°C with summer maxima >10°C and winter minima <-30°C. Precipitation shadow effect
caused by Trinity Peninsula (Davies et al., 2013) significantly affects precipitation, mainly in
the form of snow during the winter season. The estimated annual precipitation is 400-500 mm
(van Lipzig et al., 2004), although high wind speeds cause irregular deposition and significant
snow removal from the landscape (Nyvlt ez al., 2016) and therefore the maximum thickness
of snow layer does not exceed 0.3 m in flat areas (Zvéfina et al., 2014; Hrbacek et al., 2015).

The deglaciation of the lowermost parts of the Ulu Peninsula started around 12.9 ka
(Nyvlt et al., 2014) and only small glaciers remained here until present days (Engel et al.,
2012). The landscape of the Ulu Peninsula has been, besides glacial erosion and accumulation,
sculpted by paraglacial and periglacial processes (Davies ef al., 2013). Permafrost on Ulu
Peninsula is continuous (Bockheim et al., 2013) with an approximate thickness of 67 m
according to geoelectrical measurements (Borzotta and Trombotto, 2004). ALT is strongly
influenced by local lithology and varied between 52 and 85 cm on three sites during the
period 2012-2015 (Hrbécek et al., submitted). The study site on James Ross Island is located
in the central flat part of Ulu Peninsula, at Abernethy Flats, 41 m a. s. I. on a flat terrain (<2°).
(Table 1). Fine-grained calcareous sandstones and siltstones of the Alpha Member and Santa
Marta Formation of Late Cretaceous age (Olivero et al., 1986; Crame et al., 1991) form study
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site. The superficial part is generally weathered to form loose sandy regolith with occasional
gravel clasts mostly of James Ross Island Volcanic Group basalts; finer fraction is generally
blown away (Davies et al., 2013). Vegetation cover is very scarce with concentration spots
mostly along streams, or around seal carcasses (Nyvlt ez al., 2016).

Table 1. Geographical characteristics of the study sites.

. . Latitude Altitude
Site Locality Longitude (ma.s.l.) Slope
Abernethy Flats, 63°52°30” S o
Ulu Peninsula | 72mes Ross Island | sgo575 100 gy 4l 0-2
Domo, Byers .. 62°37°19” S o
Peninsula Livingston Island 60°58°33" W 45 0-2

2.2. Livingston Island - Byers Peninsula

Byers Peninsula shows a cold and wet oceanic climate with MAAT of -2.8°C at 70
m a. s. l. for the period 2002-2010. The maximum daily air temperature does not exceed
10 °C with mean summer maximum of 2.7°C, while the minimum temperature during
the winter rarely drops below -25 °C, with a mean winter daily minimum of -9.8°C
(Bafién et al., 2013). Estimated precipitation is ca. 500-800 mm in the form of both rain
and snow in the summer and snow in winter, resulting in snow cover for 8 to 9 months
per year (Bafién et al., 2013, Navarro et al., 2013).

The Byers Peninsula is composed mainly of mudstone, sandstone, conglomerate and
volcanic and volcanoclastic rocks of the Late Jurassic to Early Cretaceous age, intruded by
igneous bodies (Lopez-Martinez et al., 1996). Vegetation cover is very scarce and mostly
concentrated on the marine terraces surrounding the main plateau. Byers Peninsula constitutes
the largest ice-free area of the South Shetland Islands (SST), with ca. 60 km?. The area has been
deglaciated during the Holocene following the eastward retreat of the Rotch Dome glacier
(Oliva et al., accepted). The relief of Byers is organized around a central plateau (70-100 m)
surrounded by Holocene marine terraces and the present-day beaches, with a few isolated hills
exceeding an elevation of 140 m rising above the plateau (Lopez-Martinez et al., 2012). A
wide range of periglacial processes and landforms are distributed across the ice-free landscape
of Byers Peninsula. The study site is located near Domo Lake, at 45 m a. s. 1., on a flat hilltop
above the lake with an inclination of 0-2° (Table 1). Soils have a very low organic matter
content and are composed of coarse-grained sediments, with abundant gravels in a sandy-silty
matrix, which conditions water circulation through the soil in summer (Navas et al., 2008).
The area is continuously affected by very strong winds that effectively redistribute snow cover.

3. Material and Methods

This study analyses the data obtained during the period from 29 January 2014 to
5 January 2015 on the two aforementioned sites. The study period was constrained by
the availability of data from Byers Peninsula. Two sets of devices were used to monitor
ground and air temperatures on each site (Table 2).
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Table 2. Main characteristics of the devices used in this research.

Locality Type Sensor Helgl(llzglepth Resglél)tlon AC::lé‘;lcy
Air EMS 33 2.0 0.01 0.15
Jailgle:nl(lloss temperature : : :
9
Ulu Peninsula Soil proﬁle Pt100 5’ 1;)6 Zg)é 407 0.01 0.15
Livingston Air .
Island, temperature Tynitag 1.5 0.02 0.25
Byers Ibutton 5, 10, 20, 40,
Peninsula | Borehole | q10050) | 7 60, 80 0.0625 0.5

Air temperature in Ulu Peninsula was measured at 2.0 m above ground using EMS
33 sensor and ground temperature was measured using platinum resistance probes
Pt100/8 installed along a profile at depths of 5, 10, 20, 30, 40, 50 and 75 cm. Sensors were
connected to a V12 data logger (EMS Brno) recording data every 30 minutes. In Byers
Peninsula, air temperature was measured at 1.5 m above ground using Tynitag (Plus
2) sensor and ground temperatures were monitored with a chain of iButtons DS1922L
thermometers at depths of 5, 10, 20, 40, 60 and 80 cm placed inside a sealed PVC-cased
borehole. Air and ground temperatures were measured every 120 minutes.

Raw data was used for the calculation of daily mean, maximum and minimum
temperatures and amplitude values. Ground temperatures were plotted as isopletes
using the kriging interpolation approach in Surfer 11 software (Golden Software), which
allowed comparison between sites. Small differences for deeper level temperatures on
the two sites are because the lowest loggers are set up at 75 and 80 cm at Ulu Peninsula
and Byers Peninsula respectively (referred to 75/80 cm throughout the text). Ground
thermal dynamics for each depth was described using following thermal parameters
commonly used in recent studies on active layer properties in the AP (e.g. Guglielmin et
al., 2008; de Pablo et al., 2013; Hrbacek et al., submitted; Oliva et al., submitted).

1. The thawing and freezing seasons were defined from the daily thermal regime
at 5 cm. Our data was limited to the end of thawing season 2013/14 and
beginning of thawing season 2014/15.

2. The active layer thickness was determined using the deepest position of the 0°C
isotherm by interpolation (Ulu Peninsula) and extrapolation (Byers Peninsula),
respectively.

3. Thawing degree-days (TDD) and freezing degree-days (FDD) were calculated
as sums of mean daily temperatures above 0°C and below 0°C, respectively for
both air temperature (TDD,/FDD, ) and ground temperature (TDD_/FDD ,).

4. Thawing days are days with minimum temperature above 0.5°C; freezing days
are days with maximum temperature below -0.5°C; freeze-thaw days show
both maximum above 0.5°C and minimum below -0.5°C; and isothermal days
show daily temperatures between 0.5°C and -0.5°C.
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The freezing n-factor is a ratio between FDD_ and FDD, at 5 cm for indirect
determination of snow cover effect on ground temperature during freezing season
(Karunarante and Burn, 2003). The thawing n-factor was calculated separately for the
period before 29 January to 31 October 2014, which represents the end of thawing
seasons 2013/14 and for the period 1 November 2014 to 5 January 2015 representing the
early beginnings of thawing season 2014/15. TDD during freezing season was found as
negligible, therefore this period was added to thawing seasons 2013/14.

Finally, correlation analysis to compare daily means for both air and ground
temperature at 5 cm between Ulu Peninsula and Byers Peninsula has been undertaken to
determine the relationship of these factors. All results showed significant relationship in
level of significance 0.01.

4. Results

4.1. Ulu Peninsula

The main characteristics of both air and ground temperatures at Ulu Peninsula for
29 January 2014 to 5 January 2015 are presented in Table 3 and Fig. 3a, 3b. Mean air
temperatures averaged -7.9°C, with a maximum of 12.3°C (1 November) and a minimum
of -32.9°C (18 August). Consequently, the annual amplitude of air temperatures reached
45.2°C. The warmest month was December, with a mean air temperature of -1.0 °C and
the coldest one was August (-16.0°C). During the entire study period TDD, reached
140°Cday, from which TDD, 37°Cday (29 January to 7 March) and 21°Cday (26
November to 5 January) while TTD, 82°Cday were observed during freezing seasons
(8 March to 25 November). FDD, reached -2528°Cday, from which -2385°Cday were
recorded during the freezing season (Fig. 4).

Table 3. Basic statistics of air temperature (AT) and ground temperature (GT) at Ulu Peninsula
and Byers Peninsula in period 29 January 2014 to 5 January 2015.

Ulu Peninsula Byers Peninsula
Parameter
Mean Max Min Mean Max Min
AT -7.9 12.3 -32.9 -2.6 6.1 -13.5
GT5cm -6.2 21.1 -18.6 -1.3 17.9 -9.9
GT 10 cm -6.5 12.7 -17.5 -1.2 7.0 -1.7
GT 20 cm -6.3 7.7 -15.9 -1.1 4.6 -5.5
GT 40 cm -6.3 2.6 -14.2 -0.9 3.8 -3.7
GT 50 cm -6.4 0.3 -13.4
GT 60 cm -0.8 2.5 -2.9
GT 75 cm -6.6 -0.9 -12.4
GT 80 cm -- -- -- -0.7 0.2 2.4
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Figure 3. Variability of mean daily air temperature (a) and ground temperature at Ulu Peninsula
(b) and Byers Peninsula (c) in period 29 January 2014 to 5 January 2015. Red lines in (b) and
(c) plots represent 0°C isotherm.
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Figure 4. Seasonal evolution of freezing (FDD) and thawing (TDD) degree days (DD) of air tem-
perature (AT) and ground temperature (GT) and freezing and thawing n-factor at Ulu Peninsula
and Byers Peninsula in 2014.

Mean ground temperatures during the study period gradually decreased with
depth from -6.2°C (5 cm) to -6.6°C (75 cm) (Table 3, Fig. 5a). Similarly, maximum
ground temperatures decreased from 21.1°C at 5 cm (3 January) to -0.9°C at 75 cm (13
March), as well as minimum ground temperature, which ranged between -18.6°C at 5
cm (22 August) and -12.4°C at 75 cm (25 August). The highest mean monthly ground
temperature from 5 to 40 cm depth was observed in December (3.3°C at 5 cm to -0.3°C
at 40 cm) while at 50 cm (-0.6°C) and 75 cm (-1.4°C) was in February.

The end of the thawing season 2013/14 occurred between 29 January and 7
March 2014 while the beginning of the thawing season 2014/15 encompassed
period from 26 November 2014 to 5 January 2015. There was only one day between
refreezing at depths 5-10 cm (7 March) and 20-30 cm (8 March), while the active
layer at lower depths (40 to 75 cm) was already frozen by the end of thawing season
2013/14. The thawing of the active layer started in 26 November and reached 50 cm
until 3 January 2015.
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Figure 5. Vertical profiles of ground temperature at Ulu Peninsula (a) and Byers Peninsula (b) in
2014.

ALT reached 52 cm during the thawing season 2014/15 (5 January 2015), and only
45 cm during the thawing season 2013/14 (29 January 2014). Active layer remained
frozen during the freezing season (8 March to 25 November), with only several days in
March and November during which a thin near-surface layer up to 5 cm thawed.

The main thermal parameters for Ulu Peninsula are summarized in Table 4, showing
large variability with depth. TDD,, rapidly decreased from 5 cm (251.1°Cday) to 40 cm
(13°Cday) and was not observed at 75 cm. The regime of TDD,, at 5 cm was similar to
TDD,. In total, TDD,, at 5 cm reached 81°Cday before 7 March while 159°Cday after
26 November. Thawing n-factor varied between 1.77 (end of thawing season 2014/15)
and 4.65 (beginning of thawing seasons 2014/15) (Fig. 4b). TDD,, at 5 cm reached only
12°Cday during freezing season. Although the TDD,, were highest at 5 cm, the number
of thawing days was maximum at 20 cm with 25 days observed. (Table 4).
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Table 4. Thermal characteristics of active layer at Ulu Peninsula and Byers Peninsula in period
29 January 2014 to 5 January 2015.

Site Depth TDD TD FDD FD FT-D IT-D
5cm 251 11 22361 223 35 0
E 10 cm 144 16 2378 267 24
= 20 cm 85 25 -2250 268 0 5
& 40 cm 13 5 2176 277 0 25
£ s0em 0 0 2176 318 0 9
75 cm 0 0 -2257 342 0 0
B 5cm 134 22 -577 147 48 37
E 10 cm 82 33 -507 153 6 88
2 20 cm 61 30 -453 160 0 123
= 40 cm 55 35 -366 161 0 135
g 60 cm 0 8 312 178 0 151
80 cm 27 0 -280 182 0 159

TD — number of thawing days

FD — number of freezing days

FT-D — number of freeze-thawing days
IT-D — number of isothermal days

Contrary to TDD_, FDD,, increased with depth from 5 cm (-2361°Cday) to 40 cm
(-2176°Cday) and decreased down to 75 cm (-2257°Cday). Freezing n-factor reached
0.82 in December, though the value ranged between 0.70 and 0.90 during the winter
months (Fig. 4a). The total number of freezing days gradually increased from 5 cm (223
days) to 75 cm (342 days). Isothermal days characterized by low amplitude of ground
temperature around 0°C were observed between 20 and 50 cm, with the maximum at
40 cm (25 days). On the other hand, freeze-thawing days were detected at near-surface
layer, only at 5 and 10 cm depths. The scatter of freeze-thawing days was very small
comparing the end of the thawing season 2013/14 from February to April (17 freeze-
thawing days) and the early beginning of the thawing season 2014/15 from October to
December (18 freeze-thawing days). Freeze-thawing days occurred most frequently in
November (9 days), while in April and October only 4 days were recorded (Fig. 6a).
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4.2. Byers Peninsula

The main thermal characteristics recorded during the study period in Byers
Peninsula are presented in Table 3 and Fig. 3a, 3c. The mean air temperature during
study period reached -2.6°C. The maximum air temperature reached 6.5°C (24
December), while the minimum dropped to -13.5°C (4 August) making thus an annual
amplitude of only 20.0°C. The highest mean monthly air temperature was recorded in
February (0.3 °C), while the coldest month was August (-5.6°C). The TDD, reached
only 44°Cday, with an irregular distribution between the thawing periods 2013/14
from 29 January to 12 March (33°Cday) and from 2 November to 5 January (7°Cday).
The total sum of FDD, reached -909°Cday, from which -808°Cday was calculated for
the freezing season (13 March to 1 November).

The average ground temperatures during the study period slightly increased
with depth from -1.3°C at 5 cm to -0.7°C at 80 cm (Table 3, Fig. 5b). The maximum
ground temperatures reached 17.9°C at 5 cm (20 December) and decreased with depth
to 0.2°C at 80 cm (from 29 January to 22 May). The minimum ground temperature
of -9.9°C was recorded at 5 cm (14 June), while the minimum at 80 cm was -2.4°C
(1-3 September). The highest mean monthly ground temperature was recorded in
February at depths from 5 cm (1.6°C) to 60 cm (0.5°C), while at 80 cm mean monthly
ground temperature reached 0.2°C, same value as maximum, due to constant ground
temperature from February to April.
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The thawing season 2013/14 ended on 12 March, though the active layer re-
thawed at 5 cm depth during several events until 5 May. The deeper layers of the
profile remained thawed until 26 May, when the active layer at 80 cm frozen. The
beginning of the thawing season 2014/15 occurred on 2 November; however, there
was not sharp boundary between freezing and thawing seasons similarly as the end of
thawing seasons 2013/14. Active layer thawing events were observed since 6 October.
ALT reached 85 cm during the thawing season 2013/14 and 82 cm during the beginning
of the thawing season 2014/15.

The TDD,, gradually decreased with depth from 134°Cday (5 c¢cm) to 27°Cday
(80 cm). Most of the TDD_ were detected before 12 March (78°Cday), while only
49.0°Cday after 2 November. Thawing n-factor varied between 2.63 (end of thawing
season 2014/15) and 7.15 (beginning of thawing seasons 2014/15). The TDD at 5 cm
reached 7.0°Cday only during freezing season (Fig. 4b). The number of thawing days
gently increased from 5 cm (22 days) to 40 cm (35 days), decreasing to only 8 days at
60 cm (Table 4).

The FDD, increased with depth from 5 cm (-577°Cday) to 80 cm (-280°Cday).
The freezing n-factor reached 0.64 in December, while it ranged from 0.75 to 0.78
during the winter season from June to September (Fig. 4b). Similarly, the total
number of freezing days (FDD,) increased from 147 days at 5 cm to 182 days at
80 cm. The highest occurrence of isothermal days (159) was observed at 80 cm and
gradually decreased to 37 days at 5 cm (Table 4). The freeze-thawing days were only
detected at 5 and 10 cm (Fig. 6b). In total, up to 48 freeze-thaw days were recorded
at 5 cm unevenly distributed between the period before mid-May (34 days) and the
period from November to December (14 days). The total number of freeze-thaw days
at 10 cm was significantly lower, with only 6 days: 5 in February and only 1 day in
December.

5. Discussion

The studied sites at Ulu Peninsula and Byers Peninsula have similar topography, but
are located in different climate settings, which make them suitable for ground thermal
regime inter-comparison.

5.1. Air temperature differences

The air temperature over period February 2014 to January 2015 (-2.6°C) in Byers
Peninsula was similar as MAAT (-2.6°C) in the period 2007 to 2012, during which MAAT
ranged between -1.7°C and -3.3°C (Bafion et al., 2013; de Pablo et al., 2014). Generally,
the interannual differences of air temperatures on Livingston Island are lower than on
Ulu Peninsula. Here, mean air temperature during the study period (-7.9°C) was slightly
lower than MAAT at Abernethy Flats over the period of 2006-2014 (-7.5°C), however
the MAAT varied between -5.0°C and -10.3°C (Hrbacek et al., submitted, unpublished
data). From this point of view, air temperatures at both sites were very close to average
thermal conditions during last several years.
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The differences in the regime of air temperatures between both sites are
shown in Fig. 3a and Table 3. The mean period air temperature was 4.4°C higher
in Byers Peninsula, though the absolute maximum air temperature was 6.2°C
higher at Ulu Peninsula. Remarkably, the minimum air temperature was 19.4°C
lower at Ulu Peninsula. In general, the air temperature regime at Ulu Peninsula
corresponds to a more continental climate pattern, with high oscillations of mean
daily temperatures ranging between -25°C and 5°C during winter, while in Byers
Peninsula daily temperatures during this season typically ranged between -10°C and
0°C (Fig. 3). The different climate resulted in substantial differences in daily mean
air temperatures between Ulu Peninsula and Byers Peninsula, which varied between
-21.2°C to 7.4°C (Fig. 7).
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Figure 7. Differences of mean daily air temperature (AT) and ground temperature (GT) at 5, 20,
40 and 75/80 cm between Ulu Peninsula and Byers Peninsula in 2014.

The different climate conditions were well documented by the TDD, and FDD,.
TDD, was higher by 96°Cday at Ulu Peninsula during the study period. The main
differences were observed during freezing seasons (TDD higher by 78°Cday at Ulu
Peninsula) and between 1 November and 5 January (TDD higher by 14°Cday). On
the other hand, FDD, was -1920°Cday lower in Ulu Peninsula.

Despite significant differences observed in the variability of air temperatures,
the correlation between mean daily temperatures at Ulu Peninsula and Byers
Peninsula resulted in r=0.74, without any time-lag (Fig. 8c). This partly confirms
the modelled results of King and Comiso (2003) which suggested a correlation of
r>0.75 between James Ross Island and the South Shetland Islands during the winter
months.
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Figure 8. Correlation analysis of mean daily air temperature vs mean daily ground tempera-
ture 5 cm at Ulu Peninsula (a) and Byers Peninsula (b); mean daily air temperatures (c) and
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5.2. Ground temperature

Two very different active layer thermal regimes were observed in Ulu Peninsula
and Byers Peninsula. The mean period ground temperature was lower at Ulu Peninsula
(-4.9°C at 5 cm and -5.9°C at 75/80 cm), showing warmer ground in Byers Peninsula.
The ground temperature at 5 and 20 cm was 12.5°C higher in Byers Peninsula between
11 April and 22 October, but in December was 9.3°C higher in Ulu Peninsula. Ground
temperatures at 40 cm depth were up to 10.5°C higher during the period 29 January to 30
December at Byers Peninsula and the difference at 75/80 cm depth was between 1.6 and
10.2° C, always warmer in Byers Peninsula (Fig. 7).
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Despite the lower mean period ground temperature, maximum ground temperatures
and TDD, were higher in the upper 20 cm in Ulu Peninsula, while the maximum and
TDD at lower depths, were higher in Byers Peninsula. The most pronounced differences
were observed in the development of TDD, at 5 cm. Its total sum in Ulu Peninsula
(251°Cday) was almost twice higher than Byers Peninsula (134°Cday). During the
period from 1 November 2014 to 5 January 2015 the TDD reached more than three
times higher values in Ulu Peninsula (167°Cday) than in Byers Peninsula (49°Cday).
However, the lower levels were significantly warmer in Byers Peninsula, where the total
sum of the TDD, decreased gently with depth up to 27°Cday at 80 cm, while the TDD,,
decreased very rapidly to 0°Cday only at 50 cm depth in Ulu Peninsula. Similarly, the
total number of thawing days increased with depth up to 40 cm (with 8 days observed at
60 cm in Byers Peninsula), while the increment of thawing days was observed up to 20
cm (with 5 days only at 40 cm in Ulu Peninsula).

The most significant differences between both sites are related to the thawing
seasons 2013/14 and 2014/15. Although the thawing season 2013/14 at 5 cm ended in 12
March, the active layer in the deeper parts of the profile remained unfrozen until 26 May,
with a maximum thickness estimated at 85 cm in Byers Peninsula. In contrast, in Ulu
Peninsula active layer, completely froze between 7 (5-10 cm) and 8 (20-30 cm) March
and reached maximum ALT (45 cm) in 29 January. The thawing season 2014/15 started
between 2 November (Byers Peninsula) and 26 November (Ulu Peninsula). Despite
higher temperatures and rapidly increasing TDD at near-surfaces depths was observed
at Ulu Peninsula, active layer thawed much more quickly in Byers Peninsula, and a
thickness of ca. 82 cm was detected at the beginning of December, while only 52 cm was
observed at Ulu Peninsula in 5 January 2015.

The mean daily temperature could drop below -14°C at 40 cm depth in Ulu
Peninsula, while ground temperature did not drop below -4°C at the same depths in
Byers Peninsula. Very intensive active layer freezing was observed in Ulu Peninsula
as suggested by the FDD_, about four times lower at 5 cm and even eight times lower
at 75/80 cm comparing to Byers Peninsula. Similarly, the number of freezing days was
significantly higher in Ulu Peninsula with respect to Byers Peninsula: 223 vs. 147 (5 cm)
to 342 vs. 182 (75/80 cm) days.

5.3. Factors affecting the active layer thermal regime

The data confirms earlier results and conclusions suggesting significant differences
both in air temperatures and in active layer thermal dynamics between ice-free areas in
the eastern and western sides of the AP (Bockheim et al., 2013; Hrbacek et al., 2015).
However, this study is the first comparison between ground thermal regimes on two sites
within these regions.

The differences of the active layer thermal regime between both sites were highly
affected by differences of air temperatures. In both sites a close relationship was found
between air temperature and ground temperatures, reaching r=0.78 and r=0.85 at Ulu
Peninsula and Byers Peninsula, respectively (Fig. 8a, b). This suggests air temperature
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as very important driver affecting daily regime of ground temperature during the whole
year. The flattening of scatter plots around 0°C, which is typical for snowy conditions,
was only limited in case of Byers Peninsula (Fig. 8b). Analysing the relationship between
mean daily ground temperatures at 5 cm in Ulu Peninsula and Byers Peninsula showed
even a closer correlation of r=0.87 than was determined for air temperature, which
reveals similar patterns of near-surface thermal regime in both sites (Fig. 8d).

Snow cover, thickness and duration, is of paramount importance for the ground
thermal regime. Although snow cover data were not available for both sites, freezing
n-factors were used as indicators of the presence of snow. The freezing n-factor around
0.90 during the winter months showed a very limited insulating effect of snow in Ulu
Peninsula, which is typical for this area (Hrbdcek et al., 2015). Lower value of freezing
n-factor, around 0.60, suggests a more significant effect of snow as thermal insulator in
Byers Peninsula. However, other studies in Byers Peninsula showed even lower n-factors,
around 0.30, typical for sites or seasons with longer persistence of snow cover thicker
than 60 cm (de Pablo ef al., 2013). While there were no studies describing the active
layer thermal regime under significantly different snow conditions on James Ross Island,
the active layer was found thicker (ca. 130 to 150 cm) on sites with more persistent snow
cover with thickness more than 60 cm at South Shetlands (de Pablo et al., 2014; Oliva
et al., submitted).

An important but still very little known factor affecting active layer thermal regime
is local lithology. A preliminary study suggests lithological and physical properties are
the most important factors causing local differences in active layer thermal regime and
its thickness on James Ross Island (Hrbdcek et al., submitted). Similarly, the lithology
was found very important factor affecting active layer thermal regime and its thickness
on Livingston Island. In different sites of Livingston Island, Hurd Peninsula, Ramos and
Vieira (2009) modelled ALT in bedrock ranging even between 2 and 5 m.

6. Conclusions

This study presents a preliminary analysis of air and ground temperatures during
2014 in two sites of the western (Byers Peninsula, Livingston Island) and eastern part
(Ulu Peninsula, James Ross Island) of the Antarctic Peninsula. The comparison provides
a better understanding of the main patterns of active layer thermal regime in both regions
and gives insights about the factors controlling ground temperatures, which can be
summarized as follows:

1. Both areas are affected by different type of climate regimes. Higher mean
air temperatures were recorded in Livingston Island (-2.6°C), with lower
temperature amplitude (20°C), while in James Ross Island mean annual
air temperatures were significantly lower (-7.9°C), although with a higher
amplitude (45.2°C).

2. The mean ground temperatures at 5 cm were significantly higher in Livingston
Island (-1.3°C) than in James Ross Island (-6.2°C), while the TDD,, at 5 cm
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was much higher at James Ross Island (251 °Cday) than at Livingston Island
(134°Cday).

3. In Livingston Island, thaw depth varied between 82 (15 December 2014 to 5
January 2015) and 85 cm (29 January 2014 to 24 May 2014). In James Ross
Island, the active layer thickness ranged between 45 cm (29 January 2014) and
52 ¢cm (2015).

This preliminary work will be complemented during the coming years with more
intensive collaboration and coordination between research teams working on South
Shetlands and James Ross Island on active layer characteristics in the AP region. Although
we found that the active layer thermal regime at near-surface depths in both sites was
strongly affected by air temperature (high correlations between mean daily temperatures
on Livingston Island and James Ross Island have been found), other parameters such
as lithology, moisture, snow cover thickness and persistence probably have a major
effect on the variability of the active layer dynamics. These preliminary findings will be
complemented in future studies for a better understanding of the active layer dynamics
across the AP region.
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1. Introduction

Permafrost represents one of the key indicators of climate change as
its superficial part reacts sensitively to climate variations and global
temperature rise (e.g.; Romanovsky and Osterkamp, 1997; Guglielmin,
2006; Turner and Marshall, 2011). It is therefore crucial to fully under-
stand the response of permafrost and the active layer particularly to un-
dergoing climate change in Polar regions. The largest annual surface air
warming on the Earth over the last 50 years was reported on the west-
ern side of the Antarctic Peninsula (AP): the mean air temperature in-
creased at a rate of 0.56 °C/decade at the Faraday/Vernadsky Station
(Turner et al., 2005). The mean annual air temperatures rose substan-
tially along the eastern coast of Antarctic Peninsula as well, accelerating
glacier retreats, ice-shelf breakups and permafrost temperature in-
crease (e.g.; Cook and Vaughan, 2010; Turner and Marshall, 2011;
Davies et al., 2012; Bockheim et al., 2013). At the same time, a positive
trend in precipitation and snow accumulation has been observed and/
or modelled on the western AP since 1950, as a result of changes in
the atmospheric circulation, and its regional variability and patterns
(Van den Broeke et al., 2006; Thomas et al., 2008).
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High sensitivity of the active layer thickness (ALT) to climate fluctu-
ations was found to be an important indicator of air and ground temper-
ature increase. However, active layer thermal properties and thickness
are not only related to the local air temperature and precipitations,
but are also influenced by other variables and factors, such as incoming
solar radiation, or ground surface lithology and moisture content
(e.g.; Romanovsky and Osterkamp, 1997; Guglielmin et al., 2012).

A general overview of permafrost and active layer thermal dynamics
in the AP region by Bockheim et al. (2013) showed that most of the
studies have been conducted in areas of the western AP and the sub-
Antarctic islands. Still, the overall knowledge about the active layer
thermal regime and its dependence on climate factors, the local com-
prehension of air temperature, snow thickness and the geological condi-
tions controlling active layer dynamics in the AP is still less than that
known about the Arctic, or the Dry Valleys region in Antarctica (Vieira
et al., 2010).

Results bringing a wider spectrum of information describing differ-
ent patterns of active layer have been published mainly in the past
few years. The main subjects were studies on the general characteristics
of the active layer thermal regime (e.g.; Guglielmin et al., 2012; Michel
etal.,, 2012; Almeida et al., 2014; De Pablo et al.,, 2014), physical thermal
properties (e.g.; Correia et al., 2012; Goyanes et al., 2014), snow effect
on ground temperature (e.g.; De Pablo et al., 2013; Guglielmin et al.,
2014), or the effect of air temperature and vegetation cover
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(e.g.; Cannone et al., 2006) in the western AP region. Although large ice-
free areas are also located along the eastern coast of the AP - e.g. on
James Ross Island (JRI), Vega Island or Seymour Island - very little infor-
mation is available about the active layer thermal regime, which sug-
gests significant differences when compared to the western side of the
AP (Bockheim et al., 2013). The active layer thermal regime and its rela-
tionship to air temperature and snow cover near the Johann Gregor
Mendel Station (JGM Station) on JRI was recently described in detail
by Hrbacek et al. (2016), while earlier works from the eastern part of
the AP bring only limited information on the state of the permafrost
and active layer (e.g.; Fukuda et al., 1992; Borzotta and Trombotto,
2004; Ermolin et al., 2004).

The completion of local knowledge about the active layer thermal
regime, its variability in different lithological conditions, its physical
properties and relationship with climate factors above the JRI, which
forms one of the largest ice-free areas in the AP region, represents a fur-
ther challenge for the future work of the Czech Antarctic geoscientific
research team that has been working at the JGM Station since 2006.

The main aims of this study are: 1) to describe the current state and
thermal dynamics of the active layer at two distinct sites on James Ross
Island in the period 2012-2014; 2) to assess the influence of different
lithological conditions on active layer thermal dynamics; and 3) to de-
termine the air temperature effect on the active layer thermal regime.

2. Study area

The study sites are located in the northern part of JRI, which is one of
the largest islands located in Antarctic Peninsula region (Nedbalova

et al., 2013). The northern tip of JRI, called the Ulu Peninsula (Fig. 1),
is considered one of the largest ice-free areas in the region (Nedbalova
et al,, 2013; Kavan et al,, in review), with only small glaciers remaining
in the present landscape (Engel et al., 2012), where the deglaciation
process of low-lying areas (<60 m) started 12.9 + 1.2 ka ago (Nyvlt
etal., 2014).

The climate on JRI is a semi-arid Polar-continental, influenced by an
orographic barrier of the Trinity Peninsula mountains (Martin and Peel,
1978; Davies et al,, 2013). The mean annual air temperature (MAAT) at
the JGM Station was — 6.8 °C in the period 2006-2011 (Laska et al.,
2012). The maximum air temperatures during summer can exceed
+10 °C, while winter minima drop below — 30 °C (Laska et al., 2011).
The precipitation falls mainly as snow in the winter season. However,
the high wind speed causes snow drifting and irregular snow deposition
(Zvéfina et al., 2014; Hrbacek et al., 2016), making standard rain gauge
measurement inapplicable (Nyvlt et al., 2016). Hence, estimates of pre-
cipitation range from 400 to 500 mm of water equivalent per year (Van
Lipzig et al., 2004). The snow cover thickness measured near the JGM
Station during the winter seasons is highly variable, with a maximum
thickness not exceeding 30 cm (Hrbacek et al., 2016).

For the purpose of studying the active layer thermal dynamics, the
Abernethy Flats and Berry Hill slopes sites were chosen. The study
sites are located at similar altitudes, are not covered by vegetation but
have different topographic and lithological properties (Table 1). The
northern part of the Ulu Peninsula (Fig. 1) is formed of four Cretaceous
formations of James Ross Basin marine sediments (Ineson et al., 1986;
Olivero et al., 1986; Whitham et al., 2006), Neogene volcanic rocks of
the James Ross Island Volcanic Group (Nelson, 1975; Smellie et al.,
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Fig. 1. Regional settings and geological characteristics of Ulu Peninsula, James Ross Island (adopted from MIcoch et al., 2015).
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Table 1
Topographic and physical characteristics of the studied sites.

Site Coordinates Altitude Slope Aspect Gravimetric water content®
Abernethy Flats S63°52'52.9" 41 mas.l. 1-3° North-east ~17%

W57°56'53.7"
Berry Hill slopes $63°48'09.5" 56 ma.s.l. 7° North-west ~22%

W57°50'19.4"

2 Water content was measured at 5 cm depth in January 2015.

2013) and associated siliciclastic and volcanoclastic sediments (Nelson
et al., 2009; Nyvlt et al., 2011; Nehyba and Nyvlt, 2014, 2015). The
Abernethy Flats area (Fig. 2A, B) is composed of fine-grained calcareous
sandstones and siltstones of the Alpha Member, Santa Marta Formation
(Olivero et al., 1986; Crame et al., 1991), covered by hyaloclastite brec-
cia and basalt boulders valley train from the advance of the Whisky Gla-
cier (Davies et al., 2013), while the Berry Hill slopes area (Fig. 2C, D) is
composed of muddy to intermediate diamictites, tuffaceous siltstones
to fine-grained sandstones of the Mendel Formation (Nyvlt et al., 2011).

Rather diverse geology significantly influences the thermal condi-
tions and the moisture of the active layer. Past studies on permafrost
have focused mostly on glacial and periglacial processes and landforms
(e.g.; Strelin et al., 2007; Carrivick et al., 2012; Davies et al., 2013; Nyvit
etal., 2014), while permafrost and active layer thermal or physical prop-
erties on JRI are very poorly known. The primary findings report the
thickness of permafrost estimated at 67 m in the low-lying areas
(Borzotta and Trombotto, 2004), and variable ALT between 40 and
107 cm in the northern part of JRI (Bockheim et al., 2013).

3. Material and methods

The ground temperature was measured with identical devices at
both sites using platinum resistance probes Pt100/8 (accuracy +
0.15 °C), which were installed directly to the vertical profile in the
ground at depths of 5, 10, 20, 30, 50 and 75 cm, and connected to an
EdgeBox V12 datalogger (EMS, Czech Republic). The air temperature
was measured at a height of 2 m above ground level using an EMS 33
sensor (EMS, Czech Republic) at the Abernethy Flats site, and a Minikin
TH datalogger (EMS, Czech Republic) at the Berry Hill slopes site; both
with an accuracy 4 0.15 °C. All parameters were measured and record-
ed every 30 min at the Abernethy Flats, and every 60 min at the Berry
Hill slopes, owing to the different technical parameters of the used
dataloggers. The data were analysed and compared for the period 1 Jan-
uary 2012 to 31 December 2014. Missing data from the Abernethy Flats
in the period 1 January 2012 to 6 February 2012 were replaced by a re-
gression equation (R? > 95% in all cases), determined between the
Abernethy Flats and Berry Hill slopes for the mean daily values. All

Fig. 2. Pictures of the study site Abernethy Flats (A, B) and Berry Hill slopes (C, D). The position of sites is marked by red arrows.
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processed data were used for the creation of line and contour plots
using Grapher® 9 and Surfer® 11 software (Golden Software, LLC). Fur-
thermore, we used Statistica® 10 software for correlation analysis to de-
termine the effect of the mean daily air temperature on the ground
temperature at depths of 5 and 50 cm, representing near-surface and
lower parts of the active layer, where time lags between air temperature
and ground temperature variables were expected.

The raw data were used for the calculation of mean daily tempera-
tures, the determination of maximum and minimum temperatures for
both air and ground, and the calculation and assessment of different
characteristics, describing the active layer thermal regime proposed by
Guglielmin et al. (2008), and were used in several other studies from
the AP region (e.g.; Michel et al., 2012; De Pablo et al., 2014;
Guglielmin et al., 2014; Hrbacek et al., 2016):

a) Freezing degree days (FDD) were calculated as the sum of negative
temperatures and thawing degree days (TDD) were calculated as
the sum of positive temperatures, both for air and ground.

b) Freezing and thawing n-factors were determined for air temperature
at 2 m, and ground temperature at 5 cm.

¢) Thermally defined ALT was determined as the maximum depth of
the 0 °C isotherm, the position of which was interpolated for the
Abernethy Flats site, and extrapolated according to the fitting
curve for the maximum ground temperature at each depth for
Berry Hill slopes.

d) The total sum of freeze-thaw days with temperatures both below
—0.5 °C and above +0.5 °C were calculated.

Thermal characteristics of active layer were calculated for the whole
period from 1 January 2012 to 31 December 2014 at Berry Hill slopes,
while the missing ground temperature data between 1 January 2012
and 6 February 2012 limited the calculation of all characteristics for
the Abernethy Flats site.

The thawing season was defined for periods 2012/13 and 2013/14,
according to De Pablo et al. (2014), based on the mean daily tempera-
ture regime at 5 cm as a period with ground temperature above 0 °C,
during which the active layer at 5 cm stayed almost constantly unfrozen
with only a few freezing degree days.

4. Results
4.1. Air temperature regime

The MAAT showed important differences at both stations for the pe-
riod 2012-2014 (Table 2, Fig. 3). Slightly higher air temperatures were

Table 2
Mean annual temperatures (in °C) of the air (AT) and the ground (GT) at different depths.
2012 2013 2014 2012-2014
Abernethy Flats
AT —86 —-71 —74 —7.7
GT5cm —-75 —6.6 —56 —6.6
GT 10 cm -79 —7.0 —6.0 —6.9
GT 20 cm —7.6 —6.8 —5.8 —6.7
GT 30 cm —7.6 —6.9 —6.0 —6.9
GT 50 cm —-73 —6.8 —6.0 —6.7
GT 75 cm —74 —-7.1 —63 —6.9
Berry Hill slopes
AT —7.6 —6.9 —6.6 —-7.0
GT5cm —-7.0 —5.7 —5.7 —6.1
GT 10 cm —7.0 —5.7 —5.7 —6.1
GT 20 cm —6.8 —5.7 —5.6 —6.1
GT 30 cm —6.6 —56 —55 —59
GT 50 cm —6.6 —57 —56 —6.0
GT 75 cm —6.5 —5.8 —5.6 —6.0

observed at Berry Hill slopes, where MAAT varied between — 7.6 °C
(2012) and —6.6 °C (2014). MAAT at Abernethy Flats was a little
lower, ranging between — 8.6 °C (2012) and — 7.1 °C (2013). Signifi-
cantly lower MAAT in 2012 was caused by pronounced seasonal differ-
ences. The mean air temperature at Abernethy Flats during austral
autumn (March to May) 2012 was —9.1 °C, which was 3.6 °C and
1.5 °C lower than that in 2013 and 2014, respectively. Similarly, mean
autumn air temperature in 2012 (— 7.8 °C) at Berry Hill slopes was
lower by 2.6 °C and 1.5 °C in 2013 and 2014, respectively. The mean
spring (September to November) air temperature in 2012 was lower
by 2.2 °Cand 2.0 °C in 2013 and 2014 at Abernethy Flats, respectively,
while it was lower by 1.7 °C and 1.5 °C in 2013 and 2014 at Berry Hill
slopes, respectively.

Both maximum (15.2 °C in 24 February 2013) and minimum
(—33.9 °C in 18 August 2014) temperatures were recorded at
Abernethy Flats, while temperature extremes at Berry Hill slopes ranged
between 13.0 °C (24 February 2013) and —31.2 °C (20 June 2013).

4.2. Active layer thermal conditions

4.2.1. Abernethy Flats

Mean annual ground temperature (MAGT) at Abernethy Flats has
shown different development along the vertical profile in individual
years (Table 2, Fig. 3). Whereas the MAGT increased slightly from
—7.5°C(5cm) to —7.3 °C (75 cm) in 2012, a gradual decrease of the
MAGT, from —6.6 °C (5 cm) to —7.1 °C (75 cm) and from —5.6 °C
(5 cm) to —6.3 °C (75 cm), was found in 2013 and 2014, respectively
(Fig. 4). The maximum ground temperatures ranged from —0.6 °C at
75 cm (8 February 2012) to 19.3 °C at 5 cm (22 December 2014) during
the study period. The minimum ground temperatures ranged from
—15.7 °Cat 75 cm (8 June 2012) to —26.9 °C at 5 cm (7 June 2012).
The effect of air temperature on ground temperature was analysed for
5 and 50 cm depths for each year of observation. The correlation analy-
sis showed a high relationship between the air temperature and ground
temperature at 5 cm, with r = 0.78 (2012) to r = 0.85 (2013), whereas
the cross-correlation showed a smaller relationship of air temperature
and ground temperature at 50 cm; r = 0.67 (2014) to r = 0.78 (2013)
with a 4-6 day time lag (Table 4).

The thawing season duration ranged from 99 (2012/13) to 110 days
(2013/14), with the warmest phase in January and February (Table 3).
The mean ground temperature during the thawing season (MSGT) at
5 cm was higher in 2012/13 (2.9 °C) than in 2013/14 (2.6 °C). The other
characteristics indicating active layer thawing intensity showed that the
2012/13 thawing season was warmer than 2013/14. In the 2012/13
thawing season, TDDg at 5 cm reached 310.8 °C-day (269.9 °C-day in
2013/14), and TDDg at 50 cm reached 2.7 °C-day (0.2 °C-day in 2013/
14). The ALT reached 64 cm at the end of the 2011/12 thawing season,
while 58 and 52 cm was determined for the 2012/13 and 2013/14
thawing seasons, respectively.

The thawing n-factor at the end of thawing seasons varied between
2.1(2012/13) and 3.2 (2013/14) (Fig. 5a). Thawing n-factor reached its
highest values >7.0 in the first few weeks of each thawing season. Two
maximum peaks were observed approximately in the period mid-De-
cember to mid-January in both thawing seasons. The thawing n-factor
decreased slightly in the second part of thawing seasons. The duration
of the freezing seasons showed higher variability than the duration of
the thawing seasons. The length of freezing seasons varied between
246 days (2013) and 301 days (2012). The active layer remained almost
constantly frozen from the end of April to the beginning of November in
each freezing season. The FDDg at 5 cm varied between —2924.9 °C-day
(2012) and —2359.9 °C-day (2014) (Fig. 6a), when only a few days
with positive temperature were observed. Seasonal freezing n-factors
varied between 0.96 in 2013 and 0.84 in 2014, suggesting a more pro-
nounced insulation effect of the snow cover during July to September
2014, when it varied by around 0.80 (Fig. 6a).
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Freeze-thawing days occurred rather evenly between the freezing
and thawing seasons. The frequency of freeze-thawing days at
Abernethy Flats decreased rapidly with depth (Table 3): 37 days
(2013) and 60 days (2014) were observed at 5 cm depth, but only one
freeze-thawing day was found at 20 cm and at 30 cm depth in 2013
and 2012, respectively.

4.2.2. Berry Hill slopes

Some differences in MAGT along the vertical profile (Fig. 4) at the
Berry Hill slopes were found between the year 2012 and the years
2013 and 2014. While the MAGT decreased more significantly with
depth, from —7.0 °C (5 cm) to —6.5 °C (75 cm) in 2012, only small
MAGT differences between —5.7 °C (5 cm) and — 5.8 °C (75 cm) were
found in 2013, and were between —5.7 °C (5 cm) and —5.6 °C
(75 cm) in 2014. The maximum ground temperatures in the study pro-
file varied between 0.6 °C at 75 cm (27-28 January 2014) and 19.5 °C at
5cm (10 January 2014). The minimum ground temperatures ranged be-
tween —15.8 °Cat 75 cm (21 June 2012) and — 27.7 °Cat 5 cm (20 June
2012). Correlation analysis showed a close relationship between air
temperature and ground temperature at 5 cm (r = 0.81 in 2012 to

r = 0.89 in 2013), while the cross-correlation showed a smaller rela-
tionship between air temperature and ground temperature at 50 cm
(r=0.68in 2014 to r = 0.79 in 2013), with a 3-day time lag (Table 4).

The duration of the thawing season at Berry Hill slopes ranged
from 100 (2012/13) to 103 days (2013/14) (Table 3). The MSGT at
5 cm reached 3.1 °C (2012/13) and 2.4 °C (2013/14). TDDg at 5 cm
ranged from 323.8 °C-day (2012/13) to 296.6 °C-day (2013/14), and
decreased significantly at a depth of 50 cm to 62.2 °C-day (2012/13)
and 42.3 °C-day (2013/14). Finally, TDDg at 75 cm reached 6.4 °C-day
(2012/13) and 5.1 °C-day (2013/14). ALT reached 90 cm in the 2011/
12 thawing season, while a slightly lower ALT of 85 cm was observed
in both the 2012/13 and 2013/14 thawing seasons. The thawing n-fac-
tor at the end of the thawing seasons reached 2.4 (2012/13) and 4.4
(2013/14) (Fig. 5b). However, the maximum n-factor values exceeded
12.0 during both thawing seasons. Very high values were typical for
the beginning of the thawing seasons. However, a different develop-
ment of the thawing n-factor with two maximum peaks was observed
in 2012/13 compared to one maximum peak in 2013/14 (Fig. 5b).

The duration of the freezing seasons showed high variability, be-
tween 239 days (2013) and 302 days (2012). The FDDg at 5 cm reached
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—2444.3°C-day in 2013 to —2810.7 °C-day in 2012 (Fig. 6b), while the
active layer only refroze for several days during the freezing seasons.
The seasonal freezing n-factors varied between 0.91 in 2013 and 0.97
in 2012, with a maximum reaching 1.01 in September 2012 and 2014,
which suggests a very limited insulating effect of snow cover on the
ground thermal regime (Fig. 6b).

The total number of freeze-thaw days at 5 cm depth in 2013
(74 days) and 2014 (75 days) were very similar, while the number of
freeze-thaw days in 2012 (43 days) was significantly lower. A similar
annual difference of the number of freeze-thawing days was observed

Table 3
Characteristics of active layer thermal regime during thawing seasons 2012/13 and 2013/
14.

Site Abernethy Flats Berry Hill slopes

Period 2012/13 2013/14 2012/13 2013/14
Beginning 5 cm 11 Dec. 2012 24 Nov.2013 12 Dec.2012 17 Nov. 2013
End 5 cm 21 Mar. 2013 7 Mar.2014 21 Mar. 2013 7 Mar. 2014
Duration 5 cm (days) 100 103 99 110
ALT (cm) 58 52 85 85
Mean AT (°C) 0.4 —-0.8 0.2 —-12
Mean GT5 (°C) 2.9 23 3.1 2.4
Mean GT30 (°C) 0.4 —0.2 15 0.8
Mean GT50 (°C) —0.7 —-12 0.3 —0.2
Mean GT75 (°C) —2.1 —-23 —-0.7 —1.1
Max AT (°C) 15.2 10.8 13 8.8

Max GT5 (°C) 18.8 19.2 17.9 19.5
Max GT30 (°C) 4.1 3.7 7.3 52

Max GT50 (°C) 0.7 0.3 2.7 2.6

Max GT75 (°C) —-13 —-13 0.6 0.7
TDDa (°C days) 144.6 84 134.1 66.7
TDDg5 (°C days) 310.8 269.9 323.8 299.6
TDDg30 (°C days) 68.1 38.2 160.5 117.0
TDDg50 (°C days) 2.7 0.2 62.2 424
TDDg75 (°C days) 0.0 0.0 6.4 5.1
FDDa (°C days) —106.4 —162.1 —110.8 —196.6
FDDg5 (°C days) —13.0 —32.1 —159 —354
FDDg30 (°C days) —31.8 —60.2 —13.1 —28.1
FDDg50 (°C days) —78.0 —126.9 —339 —66.1
FDDg75 (°C days) —207.8 —2385 —74 —1243
Freeze-thawing 5cm® 2 + 7 9+10 11+ 19 45 + 21

2 Number of freeze-thawing day at the beginning of thawing season (before 31 Decem-
ber) + at the end of thawing season (after 1 January). See text for abbreviations.

at 10 and 20 cm depths (Table 5). Freeze-thaw days were not detected
at depths below 20 cm.

5. Interpretation and discussion

The results presented above indicated important differences in the
air and ground thermal regimes between the Abernethy Flats and
Berry Hill slopes sites in the period January 2012 to December 2014.

5.1. Controls on air temperature

The air temperature data showed that the Abernethy Flats were gen-
erally colder by 0.7 °C than the Berry Hill slopes, despite their slightly
higher elevation. Differences of MAAT, ranging from 0.2 °C (2013) to
1.0 °C (2012), indicate warmer climate conditions at Berry Hill slopes
in contrast to the Abernethy Flats. The largest differences were found
when comparing MAAT between the years 2013 and 2014, when
MAAT increased by 0.3 °C at Berry Hill slopes, from the former to the lat-
ter year, but decreased by 0.3 °C at Abernethy Flats. Moreover, signifi-
cantly higher variability in the mean daily air temperatures was found
at Abernethy Flats (Fig. 3). The fact that both maximum and minimum
air temperatures were registered at Abernethy Flats suggests that the
study site's distance from the coast (effect of continentality) could
play an important role in forming inverse temperature events at more
inland sites, such as the Abernethy Flats. These observations are also
supported by the mean seasonal air temperatures, which were higher
by 0.1 °C (2013) to 0.8 °C (2014) during austral summer (December-
February) at Abernethy Flats, whereas the observed mean seasonal air
temperatures were 0.9 °C (2013) to 2.0 °C (2014) higher at Berry Hill
slopes during austral winter (June-August).

5.2. Lithological and hydrological characteristics

The active layer monitoring profiles at Berry Hill slopes and the
Abernethy Flats have a different lithological composition. The sand-
stones predominating in the wider area of the Abernethy Flats (Pirrie,
1989) are generally poorly sorted, very fine to medium-grained sand-
stones, or silty sandstones with common concretions. They are variably
calcareous: the average measured content of Ca by the means of X-Ray
fluorescence measurements is ~3.3% (unpublished data of D. Nyvit),
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corresponding to the average calcium carbonate (calcite) content of
8.2%. They appear in planar sheets usually a few dm thick, however
Pirrie (1989) describes their maximum bed thickness up to 7.5 m. The
sedimentary facies show mostly on high-energy sediment gravity flow
processes of the mid-shelf depositional environment (Pirrie, 1989), im-
plying the removal of fine silt and clay. The surface part is generally un-
consolidated, as the result of periglacial action and weather, to form a
loose friable sandy regolith. On the other hand, the facies cropping out
on the surface of Berry Hill slopes are represented mostly by intermedi-
ate diamictite units of the Mendel Formation, deposited either as sub-
glacial tills, proximal to intermediate glaciomarine diamicties, or
glaciomarine debris flows (Nyvlt et al., 2011), which imply direct glacial
or glaciomarine deposition without significant winnowing of fine parti-
cles. The measured content of Ca in Mendel Formation diamictite units
averages at ~1.9% (unpublished data of D. Nyvlt), which corresponds
to the average calcite content of ~4.7%.

The different content of fine particles (especially clay) in studied ac-
tive layer profiles implies diverse porosity and permeability of the sub-
strate, and thus distinct moisture and thermal properties of the active
layer at the two sites. Substrates with a higher content of finer particles
may keep a higher proportion of water owing to capillary and adhesive
waters in the pore space (e.g.; Putkonen, 1998). This is reflected in the
higher water saturation of the active layer at Berry Hill slopes, where
the substrate could retain ~22% of water (see Table 1 for measured
gravimetric water content), although it is located on a steeper slope,
which triggers gradual water percolation and its concentration either
above the permafrost table, or its rise to the surface. The measured
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gravimetric water content at the Abernethy Flats site is ~5% lower com-
pared to the Berry Hill slopes. Generally, the sandy regolith of the
Abernethy Flats prevents the creation of adhesive water and limits cap-
illary water, thus having most of the water in larger voids of the unsat-
urated zone of the active layer as it is gravitational and only partly
capillary. Larger void spaces, however, increase the removal of fine par-
ticles from the active layer profile by water gravitational percolation,
and their concentration near the permafrost table (Stachoni et al.,
2014), leading to a decreasing ability to retain water.

Importantly, a higher water content increases the heat transfer in
the active layer profile, owing to pore fluid migration (e.g.; Hinzman
et al.,, 1991; Putkonen, 1998). Nearly half of the calcite content was
found in the diamictites building the Berry Hill slopes site, when com-
pared to the sandstones at the Abernethy Flats site. Calcite has nearly
half the thermal conductivity in comparison to quartz (e.g.; Berman
and Brown, 1985), which predominates the lithologies at both studied
sites. Both the effect of higher water content and a lower share of calcite
increases the thermal conductivity at Berry Hill slopes. This is well
expressed both in faster spring thawing at this site, and especially in
the deeper part of the active layer thermal properties, which leads to a
20-30 cm higher maximum ALT at Berry Hill slope than at the
Abernethy Flats (see Fig. 3 and the discussion below).

5.3. Active layer thermal regime

Different thermal regimes of the active layer were observed at both
sites during the study period. Besides the particular analysis of the
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Table 4

Correlation matrix showing relationship between air temperature (AT) and ground tem-
perature (GT) at 5 and 50 cm depths and time-lag of ground temperature at 50 cm to
air temperature in 2012-2014.

Year  Abernethy Flats Berry Hill slopes

AT vs AT vs Time-lag so cm AT Vs AT vs Time-lag so cm
C'TS cm GTSO cm GTS cm GTSO cm

2012 0.78 0.70 6 days 0.81 0.70 4 days

2013 0.85 0.78 4 days 0.89 0.79 2 days

2014 0.79 0.67 4 days 0.82 0.68 3 days

active layer thermal regime our data showed the position of the perma-
frost table, which lies below the active layer at depths of 64 cm at
Abernethy Flats and approx. 85 cm at Berry Hill slopes.

Our data suggested that higher variability of the ground thermal re-
gime was found at Abernethy Flats, where MAGT at 5 cm varied be-
tween — 5.6 °C and — 7.5 °C, compared to Berry Hill slopes (—5.7 °C
to — 7.0 °C). More significant differences of MAGT were found at the
lowest level of the profile (75 cm depth), where MAGT varied between
—6.3 °Cand — 74 °C at Abernethy Flats, while MAGT between — 5.6 °C
and — 6.5 °C was observed at Berry Hill slopes (Table 2).

The thawing seasons had an essential role in the active layer devel-
opment at the study sites. Only small differences in their length were
found according to the definition based on the thermal regime at 5 cm
depth. The thawing season started 1 day earlier at Abernethy Flats in
2012/13 compared to 2013/14 when it started 7 days earlier at Berry
Hill slopes. The end of the thawing season was on the same date in
both years. Although the mean seasonal air temperature was 0.2 to
0.4 °C higher at Abernethy Flats, the MSGT was higher by 0.1-0.2 °C
(5 cm) to 0.9-2.0 °C (75 cm) at Berry Hill slopes. Differences in MSGT
are also reflected in TDDg at 5 cm, which was higher by 13.0 °C-day to
29.7 °C-day at Berry Hill slopes.

The active layer thawed much faster at the beginning of the thawing
seasons at Berry Hill slopes. The upper 50 cm of the active layer thawed
by 1.6 cm-day ! (2013/14) to 2.5 cm-day ' (2012/13) at Berry Hill
slopes, while thawing of 0.9 cm-day~! (2013/14) to 1.2 cm-day '
(2012/13) was observed at Abernethy Flats. Significantly, the rapid
progress of the active layer thawing front was affected by a higher
thawing n-factor at Berry Hill slopes with values exceeding 12.0 at max-
imum, while a thawing n-factor of only 7.0 was reached at Abernethy
Flats. As a result of the different progress of the thawing front, the
MSGT at 50 cm was higher by 1.0 °C and MSGT at 75 cm was higher
by 1.2-1.4 °C, at Berry Hill slopes. Similarly, TDDg at 50 cm reached
only 0.2 to 2.7 °C-day at Abernethy Flats, while TDDg at 75 cm was
even higher (5.1 °C-day to 6.4 °C-day) at Berry Hill slopes. These differ-
ences in active layer thawing and thermal regime resulted in a deeper
ALT observed at Berry Hill slopes (85 to 90 cm) than at Abernethy
Flats (52 to 64 cm).

Our data allowed both direct analysis of the air temperature effect
and the indirect assessment of snow cover effect on the ground temper-
ature regime. We found close correlations, which showed a similar rela-
tionship between air and near-surface ground temperature, as already
reported for the AP region for the sites without vegetation cover (e.g.;
Cannone et al., 2006; Guglielmin et al., 2014; or Hrbacek et al., 2016).
Overall, a less close relationship was found between the air temperature

Table 5
Frequency of freeze-thawing days at the studied sites in 2012-2014.

Year  Abernethy Flats Berry Hill slopes

5cm 10cm  20cm  30cm  5cm  10cm  20cm  30cm
2012 32° 6° 0? 12 43 22 5 0
2013 37 23 1 0 75 34 10 0
2014 60 25 0 0 74 34 15 0

@ Calculated for the period 7 February to 31 December 2012.

and the ground temperature at 50 cm depth. Despite a very small differ-
ence in correlation coefficients, differences in time lag between air tem-
perature and ground temperature at 50 cm were more pronounced. The
ground temperature at 50 cm correlates best with a 2-4-day delay at
Berry Hill slopes, while a 4-6-day delay was found at Abernethy Flats.
The shorter time lag suggests a better heat exchange through the active
layer profile at Berry Hill slopes than at Abernethy Flats, owing to higher
water content and lower shares of thermally less conductive minerals,
such as calcite (see the discussion above).

The study sites are not covered by any vegetation such as moss car-
pet, which generally has an insulation effect and low thermal conductiv-
ity when compared to clastic sediments, or regolith (e.g.; Romanovsky
and Osterkamp, 1997; Brouchkov et al., 2005). In addition, the snow
cover is considered a very important factor affecting the ground thermal
regime (e.g.; Goodrich, 1982; Zhang, 2005). The effect and distribution
of snow cover on ground temperatures in northern JRI near to the
JGM Station were found to be negligible in the previous study
(Hrbacek et al., 2016). As the result of a missing measurement of
snow thickness or albedo at both sites, the freezing n-factors and daily
amplitude of the ground temperature at 5 cm were used to evaluate
the effect of snow cover.

We assumed a slightly higher effect of snow cover at Abernethy Flats
in general, as shown by lower values of freezing n-factor (0.80 to 0.90),
and lower daily amplitude of the ground temperature at 5 cm during
the freezing season, while a freezing n-factor > 1.00 and daily amplitudes
higher than ~3 °C at Berry Hill slopes exclude a significant effect of snow
cover on the ground thermal regime (Figs. 6, 7). The evolution of the
freezing n-factor suggests the regular presence of snow cover at both
sites at the beginning of the freezing season in March. These periods
were typical for a low n-factor (0.2 to 0.4), but its duration did not exceed
20 days. During the freezing season, periods with developed snow cover
could be delimited according the decreasing freezing n-factor. However,
these events were very scarce at Abernethy Flats (e.g., in July 2013, or
August 2014), and were not detected at Berry Hill slopes (Fig. 6). The de-
crease in the freezing n-factor at the end of the freezing seasons (October
to December) was caused by a more intense warming of the ground tem-
perature compared to the air temperature, with a probable contribution
of increasing global radiation. The presence of snow was not very proba-
ble during this period, as shown by the regime of daily amplitude of the
ground temperature at 5 cm, with relatively high variability (1.5 °C to
10.0 °C) during the winter months, whereas only a few periods with
low daily amplitude (<1.5 °C) suggesting snow conditions were ob-
served (Fig. 7).

5.4. Comparison of ground thermal regime with other localities

This study extends the time series of air and ground temperature
monitoring in the northern part of JRI near the JGM Station in the period
2011 to 2012, published by Hrbacek et al. (2016). We found climate
conditions slightly warmer in 2012-2014, when the mean air tempera-
ture reached — 7.0 °C and — 7.7 °C at Berry Hill slopes and Abernethy
Flats, respectively, compared to the period 2011-2012, when the
mean annual air temperature at the JGM Station reached — 8.0 °C.

Although different sites were studied in this work, many similarities
were found when comparing the results of the active layer thermal re-
gime and the effect of air temperature and snow cover described in
this study, and by Hrbacek et al. (2016), from the site at the JGM Station.
The active layer monitoring site at the JGM Station is located in a gravely
sand of a Holocene marine terrace (Davies et al., 2013), which is formed
by permeable material with larger void spaces, which imply a lower
thermal conductivity (Stachon et al., 2014). This corresponds to similar
ALT at the JGM Station when compared to Abernethy Flats, but is lower
when compared to Berry Hill slopes. Likewise, the air temperature: only
small differences in the mean ground temperature in 2011-2012 and
2012-2014 were found at the three sites monitored on the northern
JRI (Table 5). Even though the mean ground temperature at depths of
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50 to 75 cm near the JGM Station was 0.6-0.7 °C higher than at
Abernethy Flats, and only 0.1-0.2 °C lower than at Berry Hill slopes,
the ALT reached 52 to 58 ¢cm at JGM Station in 2011 and 2012, respec-
tively; similar values to those observed at Abernethy Flats (this study).

When comparing results from JRI with studies from several localities
on the western AP, many differences was found. Generally, the MAAT
and MAGT are about 3 to 5 °C lower on JRI, eastern AP, than in areas
in the western AP (Bockheim et al., 2013). More detailed comparison
suggests very similar or even warmer conditions during the thawing
seasons between JRI and some areas of South Shetlands (western AP).

Longer and more intensive thawing seasons on JRI were observed
when compared to different sites on Livingston Island (South Shet-
lands), where several localities were studied in 2009-2014 (e.g.; De
Pablo et al,, 2013, 2014; Oliva et al,, in this issue). In general, the dura-
tion of the thawing season on Livingtson Island were found to be slightly
shorter, as described by De Pablo et al. (2014) at the Limnopolar Lake
site. The length of the thawing seasons did not exceed 96 days (in period
2009-2012), while >100 days long thawing seasons were observed at
the northern JRI (this study). Similarly, TDD, at 5 cm at different sites
on Livingston Island reached a maximum of around 250 °C-day in the
period 2009-2014 (De Pablo et al., 2014; Oliva et al., in this issue),
while TDDg, which could exceeding 300 °C-day, were observed on JRI
in 2011-2014 (Hrbacek et al., 2016). On the other hand, freezing sea-
sons were significantly warmer on Livingston Island, where FDDg did
not drop below — 600 °C-day (De Pablo et al., 2014; Oliva et al., in this
issue) compared to values lower than —2300 °C-day on JRL

The similar patterns of the ground thermal regime to Livingston Is-
land have been described in diverse studies based on ground tempera-
ture measurements before 2012, at some sites on King George Island
in the western AP (Michel et al., 2012; Almeida et al., 2014), or the
South Orkney Islands (Guglielmin et al.,, 2012). Generally, the observa-
tions at these sites showed the TDDg during the thawing seasons
reached around 200-400 °C-day, which is comparable to JRI, while the
FDDg during freezing seasons did not drop below — 1000 °C-day.

A very important factor affecting the active layer thermal regime in
AP region is snow cover (Vieira et al., 2010). However, snow cover pres-
ence on JRI was found to be rather irregular over time, with a maximum
thicknesses rarely reaching 30 cm (Hrbacek et al., 2016), whereas it
could persist for 7-8 months and reach a maximum thickness of
>60 cm in the areas of western AP (e.g.; De Pablo et al., 2013;
Guglielmin et al., 2014; Oliva et al,, in this issue). The only exception
with a limited snow cover was observed on volcanic Deception Island,
where the snow thickness rarely exceeded 20 cm (Goyanes et al.,
2014). Areas with higher snow thickness in the AP region were typical,
with a very low freezing n-factor between 0.30 and 0.60 (e.g.; De Pablo
et al., 2014; Oliva et al., in this issue), compared to a freezing n-
factor > 0.85 observed under snow-free conditions on JRI (Hrbacek et
al, 2016).

Snow cover works as a very effective insulator, and has a significant
effect on the ground thermal regime. It leads to an almost isothermal re-
gime of ground temperature when the snow thickness exceeds ~40 cm
(Zhang, 2005). This effect has been demonstrated by the results of very

low daily ground temperature amplitudes at 5 cm (0.0-0.1 °C) under 20
to 40 cm of snow, on Livingston Island, by Oliva et al. (in this issue),
while on JRI the snow thickness reached a max. 30 cm, which caused a
reduction in the ground temperature daily amplitude by 0.1-0.5 °C
(Hrbacek et al., 2016). According to these findings, the daily amplitude
of the ground temperature (Fig. 7) and the freezing n-factor confirm
the previous results of Hrbacek et al. (2016) who suggest the overall ef-
fect of snow on the ground thermal regime is negligible on JRI.

Considering all the differences observed in the ground thermal re-
gime, as well as the role of snow, significant differences between the
eastern AP (JRI) and western AP could be expected. However, in general,
the ALT showed very large spatial variability (Bockheim et al., 2013);
that is, ALT reached 85 to >130 cm at different sites on Livingston Island
(De Pablo et al., 2014; Oliva et al,, in this issue), whereas ALT between 81
and 185 ¢cm was observed at Signy Island in 2006-2009 (Guglielmin et
al., 2012). At different sites on King George Island ALT varied between
ca. 90 cm in 2008 (Michel et al., 2012) and 120 to 147 cm in 2009-
2010 (Almeida et al., 2014). Similarly, ALT between 30 and 100 cm
was measured at Deception Island (Vieira et al., 2010; Goyanes et al.,
2014).

Despite the fact that data from different years were presented in
these studies, the very high spatial variability of ALT suggests that
local conditions, especially lithological factors or moisture, should be
another very important factor affecting ground thermal regime. Howev-
er, a general comparison of ALT between JRI and other localities in the
western AP seems to be difficult, owing to an important interannual var-
iability of ALT and the inconsistency of datasets, as only one season is
published mostly.

While the studies presented above described the results of measure-
ment in soils or regoliths on unconsolidated ground, several works de-
scribed ALT measurement in solid bedrock where ALT could reach
several metres thickness (Ramos and Vieira, 2009). A large difference
in the thermal conductivity between unconsolidated material and
solid bedrock has been documented on the western AP. Correia et al.
(2012) showed from their measurements on Livingston Island that the
thermal conductivity in solid quartz sandstone is larger than in looser
siltstone, and much larger than for unconsolidated material, such as
soil or regolith. This corresponds to larger ALT in solid bedrock rather
than in unconsolidated material, which has been reported by
Guglielmin et al. (2014) at Rothera Point, Adelaide Island, or by Ramos
and Vieira (2009) on Livingston Island.

6. Conclusions

In this contribution we studied the thermal properties of the active
layer at two lithologically contrasting sites at the northern part of the
Ulu Peninsula, James Ross Island. Our data showed variances in air tem-
perature and ground thermal regime that were significantly different at
both sites. A contrasting regime of air temperature was observed when
comparing winter (higher air temperature at Berry Hill slopes) and
summer (higher air temperature at Abernethy Flats) months. Despite
similar a thermal regime at the near-surface 5 cm depth during the
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thawing seasons, the active layer thawed significantly faster at Berry
Hill slopes owing to a higher thermal conductivity caused by local lithol-
ogy. The active layer thickness reached 85 to 90 cm at Berry Hill slopes,
which was 26 to 33 cm deeper than at Abernethy Flats.

Moreover, our results confirmed some observations found in a previ-
ous study from James Ross Island. Significant differences in the ground
thermal regime between James Ross Island and localities on the western
part of the Antarctic Peninsula are caused by a more continental climate,
with a warmer summer and a colder winter on James Ross Island. The
freezing n-factors and the daily amplitude of ground temperature at
5 cm suggest a limited effect of snow cover on the ground thermal re-
gime at the northern James Ross Island sites.

From a lithological point of view, the share of fine particles and less
conductive minerals (such as calcite) has been found to be fundamental
for the thermal conductivity and the active layer thickness documented
at the sites with unconsolidated material. Therefore, a higher active
layer thickness has been documented in the diamictites of the Mendel
Formation (Berry Hill slopes) than in calcareous Cretaceous marine stra-
ta (Abernethy Flats), or in the Holocene marine terrace sediments
(Johann Gregor Mendel Station). Furthermore, considerable shares of
fine particles trigger higher water saturation of the active layer as long
as it is available from the previous snow-cover thawing. However, we
consider a better understanding of the lithological and physical proper-
ties of studied sites to be challenging for further research on the ground
thermal regime on James Ross Island.
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« Active layer depth was measured on
the.CALM-S site in eastern Antarctic : . : CALM-S site "
Peninsula. 5
» Mean seasonal active layer depth varied ¢ 50
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tial role for active layer development.
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ARTICLE INFO ABSTRACT
Articl_e history: The Circumpolar Active Layer Monitoring — South (CALM-S) site was established in February 2014 on James Ross
Received 3 January 2017 Island as the first CALM-S site in the eastern Antarctic Peninsula region. The site, located near Johann Gregor Men-
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del Station, is labelled CALM-S JGM. The grid area is gently sloped (<3°) and has an elevation of between 8 and
11 m a.s.l. The lithology of the site consists of the muddy sediments of Holocene marine terrace and clayey-
sandy Cretaceous sedimentary rocks, which significantly affect the texture, moisture content, and physical pa-
rameters of the ground within the grid. Our objective was to study seasonal and interannual variability of the ac-

I/:%V\rg ﬁ;’er thickness tive layer depth and thermal regime at the CALM-S site, and at two ground temperature measurement profiles,

Ground thermal regime AWS-JGM and AWS-CALM, located in the grid. The mean air temperature in the period March 2013 to February

Permafrost 2016 reached — 7.2 °C. The mean ground temperature decreased with depth from —5.3 °Cto —5.4 °Cat 5 cm, to

CALM-S —5.5°Cto —5.9 °Cat 200 cm. Active layer thickness was significantly higher at AWS-CALM and ranged between

fc\lr}tarctic Peninsula 86 cm (2014/15) and 87 cm (2015/16), while at AWS-JGM it reached only 51 cm (2013/14) to 65 cm (2015/16).
imate

The mean probed active layer depth increased from 66.4 cm in 2013/14 to 78.0 cm in 2014/15. Large differences
were observed when comparing the minimum (51 ¢cm to 59 cm) and maximum (100 cm to 113 cm) probed
depths. The distribution of the active layer depth and differences in the thermal regime of the uppermost layer
of permafrost at CALM-S JGM clearly show the effect of different lithological properties on the two lithologically
distinct parts of the grid.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The active layer and permafrost are components of the cryosphere,
which are very sensitive to climate variability. One of the most impor-
tant characteristics of the active layer is its thickness, whose variability
is considered to be a potential indicator of regional climate change
(e.g. Anisimov et al., 1997; Romanovsky et al., 2010; Guglielmin and
Cannone, 2012). It is thought that global warming before the end of
21st century may cause a significant increase in active layer thickness,
which may exceed 3.5 m in ca. 35 to 81% of permafrost areas, mainly
in the northern hemisphere (IPCC, 2013). In marginal parts of
Antarctica, the changing of the environment in connection with present
and future climate change will lead to changes in soil hydric regime,
biota, and active layer thickness (RCP models for 2100 CE; IPCC, 2013).

Permafrost is thought to occupy >20% of Antarctica (ca. 2.5 mil km?;
Bockheim, 1995), however the majority consists of sub-glacial perma-
frost, while the ice-free areas comprise around 44,900 km?, of which
about 3500 km? are in the areas of Antarctic Peninsula north of 70°S
(Antarctic Digital Database, 2017). From the perspective of terrestrial
ecosystems in Antarctica, any changes in the active layer dynamics are
very important, since the temporal extent of seasonal thawing or mois-
ture content levels could significantly affect the distribution and vari-
ability of biota and soil nutrients (e.g.; Strauss et al., 2009; Boy et al.,
2016).

The most important progress in active layer research in the Antarctic
Peninsula region has been carried out during International Polar Year,
when the number of study sites increased significantly (Vieira et al.,
2010). Most of the studies conducted on newly-founded sites were fo-
cused on analysing the effect of snow cover (e.g.; Hrbacek et al.,
2016a; Ferreira et al., 2017; de Pablo et al.,, 2017; Oliva et al., 2017b;
Ramos et al., 2017), the insulation effect of vegetation (e.g. Cannone
et al., 2006; Guglielmin et al., 2012; Almeida et al., 2017), or the effect
of lithological properties (e.g. Guglielmin et al., 2014a; Hrbacek et al.,
2017) on active layer thermal regimes. Individual effects of these factors
were found to be more important triggers of active layer seasonal
thawing than changes in the regional climate setting between different
climate zones of the Antarctic Peninsula (Hrbacek et al., 2016b). Howev-
er, all these studies were focused on one or two sites only, and did not
consider the spatial variability of active layer thickness, unlike some
works in Victoria Land (e.g. Adlam et al., 2010; Seybold et al.,, 2010).
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In order to better understand the local variability of active layer
thickness, the original Circumpolar Active Layer Monitoring protocol
(CALM) of Brown et al. (2000) was implemented in its southern form
(CALM-S), taking into account conditions in Antarctica, especially
coarse ground texture, which is very hard to probe (Guglielmin, 2006;
Vieira et al., 2010). Until 2010, a total of 28 CALM-S sites had been
established across the Antarctic continent (Vieira et al., 2010). Initial re-
sults showed quite high variability in active layer depth over areas of
50 x 50 to 100 x 100 m. However, these results are still very sparse
and limited to areas of the South Shetlands in the western Antarctic
Peninsula (de Pablo et al., 2013; Ramos et al.,, 2017), sub-Antarctica
(Guglielmin et al, 2012), and continental eastern Antarctica
(Guglielmin, 2006; Guglielmin et al., 2014b), while the results from
CALM-S sites in other parts of Antarctica involved in the CALM-S over-
view (Vieira et al., 2010) have not yet been individually published.

The CALM-S Johann Gregor Mendel (JGM) was established as the
first CALM-S site in the eastern Antarctic Peninsula region in February
2014. In this study, results of active layer depth measurements carried
out during the summers of 2014 to 2016 are presented. The analysis
of the effects of ground physical and lithological properties on the active
layer thermal regime and thickness was conducted using data from two
study profiles within the CALM-S, located in different lithological condi-
tions. Furthermore, the paper focuses on:

1) Presentation of the first data concerning ground physical properties
(thermal conductivity, capacity and diffusivity, water content, dry
bulk density, texture).

2) Evaluation of the seasonal and interannual variability of the active
layer thermal regime and depth at the CALM-S JGM site.

3) Comparison of the permafrost temperatures from two 200-cm-deep
profiles located in different lithology, from the perspective of litho-
logical effect on the thermal stability of permafrost.

2. Regional setting

With an area of over 2400 km?, James Ross Island is the largest island
in the northern Antarctic Peninsula region (Fig. 1). It is situated off the
south-eastern coast of the peninsula and separated from the mainland
by Prince Gustav Channel, which is 12-20 km wide. Approximately
600 km? (ca. 25%) of the total area of James Ross Island is ice-free
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Fig. 1. Regional setting and topographical map of northern James Ross Island.
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(Davies et al., 2013), composed of several separate ice-free areas. Degla-
ciation of the northern part of James Ross Island, called the Ulu Peninsu-
la, started 12.9 & 1.2 ka ago (Nyvlt et al,, 2014). Until recently, >300 km?
of lowland were exposed (Kavan et al.,, 2017). Small glaciers preserved
until the present day cover the high-altitude plateaus and heads of val-
leys (Engel et al., 2012). The environment of the Ulu Peninsula is unique,
because this region is the largest individual ice-free area in the region,
forming around 8% of all the deglaciated area in the northern Antarctic
Peninsula region.

The climate of James Ross Island is cold polar-continental. The mean
annual air temperature at sea level in the vicinity of Johann Gregor Men-
del Station was — 7.0 °C in the period 2006-2015 (Hrbacek et al.,
2016¢). Mean daily air temperatures in summer can reach up to
+5 °C, while it can drop below —30 °C during winter (Laska et al.,
2011). The orographic barrier of the Trinity Peninsula Mountains to
the west influences the amount of precipitation, which is predominant-
ly in the form of snow (Martin and Peel, 1978). Estimates of precipita-
tion range from 300 to 500 mm water-equivalent per year (van Lipzig
et al., 2004). However, due to the strong effect of wind drift, the snow
accumulates unevenly with thicknesses not exceeding 30 cm in the
flat areas (Hrbacek et al., 2016a).

The ice-free surfaces of James Ross Island are underlain by con-
tinuous permafrost (Bockheim et al., 2013). The thickness of the
permafrost was estimated, using geothermal flux, to be approxi-
mately 6 to 67 m in lowland areas near the sea (Fukuda et al,,
1992; Borzotta and Trombotto, 2004). The active layer thickness
strongly depends on the local lithology (Hrbacek et al., 2017) and
varies approximately between 50 cm and 90 cm (Hrbacek et al.,
2016b, 2017).

3. Measuring methods and equipment
3.1. CALM-S JGM site description

The monitoring area of CALM-S Johann Gregor Mendel (JGM) in-
volved in the GTN-P database was delimited in February 2014, to the
south of Johann Gregor Mendel Station (Fig. 2) at an elevation of be-
tween 8 and 11 m, in accordance with the protocol proposed by
Guglielmin (2006). Due to the morphological conditions of the terrain
it was necessary to limit the size of the monitoring area to 70 x 80 m,
as opposed to the 100 x 100 m standard (Brown et al., 2000). The active
layer depth was measured during the first week of February using a

Fig. 2. Pictures of study site; (A) aerial image of CALM-S JGM site; (B) detailed image of AWS-JGM; (C) ground profile near to AWS-CALM. The dotted line indicates the lithological

boundary between Holocene marine terrace sediments and Cretaceous sediments.
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probing rod with a diameter of 10 mm, at a total of 72 points within a
10-meter grid. The spatial variability of the active layer depth was
visualised and evaluated in Surfer 11 software, using kriging interpola-
tion. The probing was limited in seasons 2015/16 by logistical condi-
tions, which prevented measurements during the days of maximum
thaw, which is one of main issues for CALM-S (Guglielmin, 2006).

The entire area of CALM-S is flat, with an average slope of <3°. The
surface is bare ground, non-vegetated, and stabilised by a pebble-
boulder hamada-like pavement with common desert varnish on large
basaltic stones (Stachon et al., 2014). It features a Holocene marine ter-
race, the sediments of which transition in the northern part of CALM-S
JGM to a Cretaceous Whisky Bay Formation (Fig. 2) composed of weath-
ered sedimentary rocks (Crame et al., 2006; Nyvlt et al., 2011; MIcoch
et al,, 2016).

To confirm local differences in lithology, samples from two 70-cm-
deep profiles located near the two monitoring sites were collected,
each 10 cm long, for texture analysis. For particle dispersion, a
0.025 M Na4P,07 solution was used. The fractions > 63 um were deter-
mined via wet sieving and weighing, according to the DIN grade scale
(630 um to 2000 pm, 200 pm to 630 pum, and 63 pm to 200 pum). The
fractions < 63 pm (20 um to 63 pm, 6.3 pm to 20 um, 2 um to 6.3 pm,
and <2 pm) were determined according to the DIN grade scale using
the X-ray attenuation method (Micromeritics, Sedigraph III Plus). Due
to the very low carbon content, no destruction of organic matter was
needed to disperse the bulk samples prior to the analysis. The lack of
macro aggregation was tested before texture analysis using ultrasonic
soil disruption. Ground samples used for the analysis of physical soil
properties and water content were collected in February 2014, to repre-
sent both lithologically different parts of CALM-S. Intact samples from
10 and 30 cm depths were taken using 500 cm? steel cylinders. Ground
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thermal properties were analysed in a laboratory using an ISOMET 104
analyser (Applied Precision, Bratislava). For each parameter, the
resulting value was calculated as an average from 10 measurements.
Then, the samples were air-dried at 105 °C for 24 h to determine the
total water content in the samples, and dry bulk density was calculated
(Table 1).

3.2. Data acquisition and processing

The CALM-S JGM grid was established around an already functioning
measurement site, AWS-JGM (marine terrace), that provides air tem-
perature data and ground temperature data from a 200-cm-deep profile
(Hrbacek et al., 2016a). In this study, data from a 37-month-long period
from 1 March 2013 to 31 March 2016 were used. As a reference site for
Whisky Bay Fm., part of CALM-S JGM, a new study profile, AWS-CALM,
was established on 15 February 2014. At both sites, ground
temperature was measured using Pt100/8 resistance thermometers
(accuracy =+ 0.15 °C). The thermistors were placed directly in the verti-
cal soil profiles at depths of 5, 10, 20, 30, 50, 75, 100, 150, and 200 cm.
An EMS 33 air temperature sensor with a Pt100/A thermometer
(accuracy £ 0.15 °C) was placed at 200 cm above ground into the
radiation protective shield. All sensors were connected to EMS V12
dataloggers (EMS Brno) set to record temperature at 30 min intervals.

The collected data were used to calculate the mean, maximum, and
minimum daily values. Annual means were calculated for the period
from March to February to cover a 12-month period containing com-
plete freezing and thawing seasons. The ground thermal regime was
evaluated using a common approach for Antarctic active layer research
(e.g. Guglielmin, 2006). Mean daily values were further used for the def-
inition of thawing and freezing seasons using the 5 cm depth data (e.g.
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Fig. 3. Variability of air temperature and ground temperature at 5, 50, 100, and 200 cm at the AWS-JGM and AWS-CALM sites in the period 1 March 2013 to 29 February 2016.
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Table 1

Ground physical properties of Holocene marine terrace (Terrace) and Whisky Bay Formation (WB Fm.)

Depth (cm) Conductivity (W m~ 'K~ 1) Capacity (M] m—>K~1) Diffusivity (m? s—') Water content Dry bulk density (g-cm™3)
Terrace WB Fm. Terrace WB Fm. Terrace WB Fm. Terrace WB Fm. Terrace Whb. Fm.

10 0.38 4 0.08 0.70 4+ 0.22 1.17 £ 0.29 1.85 + 047 0.32 4+ 0.08 0.37 4+ 0.03 9% 17% 145 + 0.03 142 + 0.03

30 0.17 + 0.06 0.72 + 0.17 0.46 + 0.18 1.95 + 041 0.39 + 0.06 0.36 &+ 0.01 11% 19% 147 + 0.03 142 £+ 0.03

de Pablo et al., 2013; Hrbacek et al., 2017). The thawing degree days
(TDD) were calculated as a sum of positive mean daily temperatures,
the freezing degree days (FDD) were calculated as a sum of negative
mean daily temperatures (Lunardini, 1981). The n-factors both for
thawing and freezing seasons were calculated as a ratio between
thawing/freezing days of air temperature and thawing/freezing days
of ground temperature at 5 cm (Lunardini, 1978). Maximum daily
values of ground temperature were used for the interpolation of the
daily position of the 0 °C isotherm and the calculation of the mean
daily propagation rate of the active layer depth. Seasonal development
of the active layer depth was observed during the period from October
to March, which allowed for precise determination of the date of the
maximum depth of the active layer.

4. Results
4.1. Annual thermal regime

4.1.1. Air temperature

The mean air temperature for the whole studied period (March 2013
to February 2016) was — 7.2 °C, which was identical for all three years
(Table 2). The most significant differences in air temperature were ob-
served in its seasonal regime. The mean seasonal air temperature was
highest during the summer months (December to February) when it
reached —0.8 °C (2013/14) to 0.0 °C (2015/16), while the lowest
mean seasonal air temperature was observed in the winter months
(June to August) when it decreased to —15.9 °C (2015/16) to
—13.4 °C (2014/15). The air temperature annual regime was typical,
with a very high amplitude (Fig. 3) between 41.3 °C (2013/14) and
45.2 °C (2014/15). The maximum air temperature reached 13.3 °C
(March 2015), while the minimum air temperature decreased to
—34.2 °C (August 2014).

4.2. Ground thermal regime

4.2.1. Site 1: AWS-JGM

The mean annual ground temperature (MAGT) at AWS-JGM during
the study period March 2013 to February 2016 gradually decreased
with depth from —5.4 °C at 5 cm to —6.0 °C at 100 cm, while at
200 cm it increased very gently to — 5.9 °C (Table 2, Fig. 4). Interannual
differences in ground temperature were very small, reaching only 0.4 °C
to 0.7 °C in the study profile. The warmest period was 2014/15, when
MAGT varied between —5.0 °C at 5 cm and — 5.7 °C at 100 cm, while

in the coldest period in both 2013/14 and 2015/16 the MAGT ranged
from —5.6 °Cat5 cmto —6.0 °C at 100 cm.

The highest seasonal temperatures in the superficial 1 m were dur-
ing the summer months from December to February, when the mean
ground temperature ranged from 3.3 °C (2013/14) to 4.7 °C (2014/15
and 2015/16) at 5 cm to —2.7 °C (2014/15 and 2015/16) to —2.8 °C
(2013/14) at 100 cm (Fig. 3, Table 2). The warmest seasons at 200 cm
depth occurred in the autumn months from March to May, when the
ground temperature reached from —4.0 °C (2015/16) to —4.2 °C
(2014/15). The lowest seasonal temperatures were observed during
winter at depths of from 5 cm (—12.9 °Cin 2014/15 to —15.6 °Cin
2015/16) to 100 cm (—8.8 °C in 2014/15 to —10.4 °C in 2015/16),
while at 200 cm the lowest temperatures were detected in spring
(—7.3°Cin 2014/15 to —8.3 °Cin 2015/16) (Table 2).

The maximum ground temperature at AWS-JGM at 5 cm varied be-
tween 19.6 °C (2015/16) and 18.5 °C (2013/14) and decreased with
depth to 200 cm, where it ranged from — 3.7 °C (2014/15) to —4.5 °C
(2015/16). The minimum ground temperature at AWS-JGM at 5 cm
ranged from —20.8 °C (2014/15) to —27.9 °C (2015/16), and gradually
increased to 200 cm, where it reached —7.9 °C (2014/15) to —9.8 °C
(2015/16) (Fig. 4).

4.2.2. Site 2 AWS-CALM

The mean ground temperature at AWS-CALM during the period
from March 2014 to February 2016 decreased slightly with depth
from —5.3 °Cat 5 cm, to —5.5 °C at 200 cm. The warmer season oc-
curred in 2014/15, when MAGT ranged from —4.9 °C, at 5 cm to
—5.2 °Cat 200 cm. In 2015/16, ground temperatures varied between
—5.6°Cat5cm,and —5.8 °C at 50 and 100 cm. (Fig. 3, Table 2). The
warmest season in the superficial 1 m of the profile was summer from
December to February (Table 2). The mean seasonal ground tempera-
ture ranged from 4.4 °C (2014/15) to 4.6 °C (2015/16) at 5 cm, to
—1.7°C(2014/15) to — 1.6 °C (2015/16) at 100 cm, while the warmest
months at 200 cm occurred in autumn (March to May) with mean sea-
sonal ground temperatures between — 2.8 °C (2014/15) and —2.5 °C
(2015/16). Similarly, the lowest temperatures were observed during
winter in the superficial 1 m only (Table 2). The seasonal ground tem-
perature reached —12.7 °C (2014/15) to —16.4 °C (2015/16) at 5 cm,
and —8.9 °C (2014/15) to —11.0 °C (2015/16) at 100 cm. The coldest
seasons at 200 cm occurred during the spring months, when the mean
ground temperature varied between — 7.6 °C (2014/15) and — 8.6 °C
(2015/16).

The maximum ground temperature at AWS-CALM varied between
17.7 °C (2015/16) and 15.3 °C (2014/15) at 5 cm, and gradually

Table 2
Mean seasonal air (AT) and ground (GT) temperature at different depths on AWS-JGM and AWS-CALM sites.
2013/14 2014/15 2015/16
Parameter  [I-V ~ VI-VII IX-XI XI-II 1V VI-VID  IX-XI XI-II -V VIVID IX-XD XI-IT 2013/14 2014/15  2015/16  2013-16
AT -51 —-151 -71 -—-12 -71 —134 -75 —-05 —-56 —159 —74 00 —72 —72 —72 —-72
JGM GT5 cm —52 —157 —49 33 —-59 —133 -—55 47 —-52 —167 —53 47 —5.6 —5.0 —56 —54
GT 50 cm -31 —-115 —-68 —-06 —-36 —98 -69 —-03 -—-32 -—-123 -—-75 —-01 —55 —5.1 —538 —55
Gri00cm —-34 -—-101 —-78 —28 —37 —88 -76 —27 —-33 —-104 —-86 —27 —60 —5.7 —63 —6.0
GT200cm —42 —6.8 —-79 —50 —42 —-6.1 —-73 —49 —-40 —68 —-83 —51 —60 —56 —6.0 —59
CALM GT5cm - - - - —54 —127 —59 44 —47 —164 —57 46 - —49 —56 —53
GT 50 cm - - - - —-33 —-108 —7.0 09 —29 —138 -—74 1.1 - —5.0 —58 —5.4
GT100 cm - - - - —26 -89 -75 -17 -21 -110 -83 —-16 - —52 —58 —55
GT200 cm - - - - —-28 —71 -76 —35 —25 —83 —86 —35 - —52 —5.7 —55
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Fig. 4. Vertical temperature profiles of the active layer and permafrost at AWS-JGM and AWS-CALM in the seasons 2013/14 to 2015/16.

decreased with depth to 200 cm, where it reached — 2.0 °C (2015/16)
and — 2.2 °C (2014/15). The minimum ground temperature dropped
to —22.5 °C (2014/15) and —26.0 °C (2015/16) at 5 cm, while at
200 cm the minimum temperature reached —8.7 °C (2014/15) and
—11.4°C (2015/16) (Fig. 4).

4.3. Freezing seasons

Freezing seasons lasted between 240 days (2013) and 272 days
(2015) (Table 3). The difference between the AWS-JGM and AWS-
CALM sites was 1 day in both the seasons of 2014 and 2015. The mean
air temperature during freezing seasons ranged from — 9.8 °C (2014)
to —10.6 °C (2013). FDDa varied between — 2492 °C-day (2014) and
— 2684 °C-day (2015). The mean freezing season ground temperature
at 5 cm at AWS-JGM decreased to —8.7 °C (2014) and —10.4 °C
(2013). FDDg at 5 cm depth ranged from — 2301 °C-day (2014) to
—2579°C-day (2015). The freezing n-factor varied within a small inter-
val between 0.88 (2014) and 0.95 (2013). A slightly higher mean freez-
ing season ground temperature at 5 cm was observed at the AWS-CALM
site (Table 3). It varied between — 8.5 °C (2014) and — 9.2 °C (2015).
Consequently, FDDg at 5 cm decreased to —2231 °C-day (2014) and
—2510 °C-day (2015). The freezing n-factor at AWS-CALM reached
0.85 (2014) and 0.90 (2015).

4.4. Thawing seasons

The dates of the beginnings and ends of thawing seasons were al-
most identical for both profiles within the CALM-S JGM area (Table 4).
All thawing seasons begun between 17 and 24 November, while the
end date varied significantly between 23 February (2014/15) and 8
March (2013/14). The duration of thawing seasons ranged from 92/
93 days (2014/15) to 111 days (2013/14). The maximum active layer
thickness determined from the 0 °C isotherm occurred within the
span of more than two weeks between 24 January in 2013/14, and 8
February both in 2014/15 and 2015/16 (Fig. 5).

The mean air temperature during thawing seasons increased from
—1.1 °C (2013/14) to 0.5 °C (2015/16). Similarly, TDDa rose from
61 °C-day (2013/14) to 134 °C-day (2015/16). The mean thawing sea-
son ground temperature at 5 cm at AWS-JGM varied between 5.0 °C in
2014/15 and 3.3 °Cin 2013/14, while it did not exceed 0 °C during any
season at 50 cm, where it ranged from —0.3 °Cin 2015/16 to — 0.8 °C
in 2013/14 (Table 4). TDDg at 5 cm followed the pattern of MSGT and
varied between 506 °C-day (2015/16) and 380 °C-day (2013/14).
TDDg at 50 cm was not detected in 2013/14, but it reached 13 °C-day

(2014/15) and 26 °C-day (2015/16). High values of thawing n-factor
were observed when it reached 6.22 (2013/14) to 3.77 (2015/16).

A slightly lower mean thawing season ground temperature at 5 cm
was observed at AWS-CALM (Table 4), where it reached 4.6 °C (2014/
15) to 4.4 °C (2015/16). TDDg at 5 cm reached values between
478 °C-day (2015/16) and 418 °C-day (2014/15). The mean thawing
season ground temperature at 50 cm was positive, and varied between
0.8 °C (2015/16) and 0.7 °C (2014/15). TDDg at 50 cm reached
122 °C-day (2014/15) and 96 °C-day (2015/16).

4.5. Thawing depth propagation

Initial short-term active layer thawing started several weeks before
the beginning of the thawing season in every year and similarly, several
episodes of shallow thawing were observed after the end of the thawing
season (Fig. 5). Data from AWS-JGM shows that the date of the first ac-
tive layer thawing event took place between 1 October (2013/14) and
21 October (2014/15). During several episodes of shallow thawing,
the active layer depth reached up to 18 cm (2014/15) and 23 cm
(2015/16). With the starts of all thawing seasons, the thawing depth
propagated at an approximate rate of 1.2 cm day~' (2013/14) to
1.5 cm day~ ! (2014/15 and 2015/16) during the first 30 days of
thawing, until mid-December (Fig. 5). Around this time, the thawing
propagation rate started to slow down to ca. 0.3 cm day~! (2013/14
and 2014/15) and 0.4 cm day ™~ ! (2015/16), with several episodes of ac-
tive layer depth decrease. A maximum active layer thickness of 51 cm
occurred at the end of January 2013/14, while it exceeded 60 cm in Feb-
ruary 2014/15 (63 cm) and 2015/16 (65 cm).

Pre-thawing events at the AWS-CALM site started between 11 Octo-
ber (2015/16) and 1 November (2014/15), and there were fewer

Table 3

Thermal characteristics of freezing seasons at AWS-JGM and AWS-CALM sites.
Parameter 2013 2014 2015

JGM CALM JGM CALM JGM CALM

Beginning ~ 23/03/13 - 08/03/14  09/03/14  23/02/15  24/02/15
End 16/11/13 - 24/11/14  24/11/14  21/11/15  21/11/15
Duration 240 - 262 261 272 271
AT? —10.6 —9.38 —938
FDDa —2614 —2615 —2786
GT®5 cm —104 - —8.7 —85 —94 —9.2
FDDg5 cm  —2480 - —2301 —2231 —2579 —2510
n-Factor 0.95 - 0.88 0.85 0.93 0.90

¢ AT is mean seasonal air temperature in °C.

b GTis mean seasonal ground temperature in °C.
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Table 4
Thermal characteristics of thawing seasons at AWS-JGM and AWS-CALM sites.
Parameter 2013/14 2014/15 2015/16
JGM CALM  JGM CALM  JGM CALM
Beginning 17/11/13 - 24/11/14 24/11/14 22/11/15 22/11/15
End 07/03/14 08/03/14 23/02/15 24/02/15 06/03/16 06/03/16
Duration 111 - 92 93 101 78
AT? —-1.1 —-03 0.5
TDDa 61 86 134
GT°5 cm 33 - 5 46 47 44
GT® 50 cm —038 - —05 0.7 —03 0.8
TDD 5 cm - 380 - 456 418 506 478
JGM
TDD50 cm- 0 - 13 107 26 122
JGM
n-factor 6.22 - 5.30 4.86 3.77 3.57

2 AT is mean seasonal air temperature in °C.
b GT is mean seasonal ground temperature in °C.

thawing events identified in total (Fig. 6). Calculated thawing depths
during the pre-thawing events were between 14 cm (2014/15) and
18 cm (2015/16). The thawing propagation rate in both thawing sea-
sons followed the same pattern. It reached approximately
1.5 cm day~ ! until mid-December, when it started to slow down to
ca. 0.7 cm day ™~ !. The active layer depth > 80 cm was reached for two
weeks at the turn of January and February, with the maximum depth
of 86 cm (2014/15) and 87 cm (2015/16) observed on 8 February in
both seasons (Table 5, Fig. 5).

4.6. CALM-S JGM probing

The mean probed active layer depth varied between 66.4 4 9.8 cm
(2013/14) and 78.4 + 12.2 cm (2014/15). Standard deviation values
showed lower variability of the active layer depth during 2013/14, and
higher variability during the 2014/15 and 2015/16 seasons (Table 5).
The differences between the maximum and minimum depths were sim-
ilar, being between 49 cm (2013/14) and 54 cm (2014/15). The maxi-
mum active layer depth varied between 100 cm (2013/14) and
113 cm (2015/16). Values exceeding 100 cm were observed at only
one grid point in 2013/14 (Fig. 6), but appeared more frequently during
2014/15 (7 values) and 2015/16 (5 values). In all cases, the deepest ac-
tive layer was found in the south-western grid corner (Fig. 6). The min-
imum active layer depth ranged from 51 cm in 2013/14 to 59 cm in
2015/16. Measurements < 60 cm appeared to be abundant during the
season 2013/14, with 20 values located in the north-western and east-
ern grid sectors. However, during 2014/15 and 2015/16
values < 60 cm were observed sporadically (1 value in 2014/15 and 2

90— ———————— - - ——— - - =
2013/14
T — AWS JGM — AWS CALM

Active layer depth (cm)

values in 2015/16) and were restricted to the eastern grid sector around
AWS-JGM only.

4.7. Ground texture and physical properties

Sediments of the Holocene marine terrace are generally represented
by silty to gravely sand, with 69-80% of sand fraction and the highest
admixture of gravel and fine sized soil particle fractions in the superfi-
cial part (Fig. 7). The proportion of silt is generally higher than that of
clay, except for in the lowermost part of the profile, where the clay frac-
tion proportion rises significantly. Whisky Bay Formation is in its super-
ficial part weathered to loose regolith, which has a typical bimodal
composition of clayey fine sand, with 45-57% of sand and 24-31% of
clay (Fig. 7). The highest sand proportion (>50%) is found in the middle
part of the profile (30-50 cm), which is connected with the depletion of
finer particles. Sediments of the Holocene marine terrace are generally
better sorted due to prevailing shallow marine and beach sorting during
their deposition. In contrast, the Whisky Bay Fm. clayey sandstones
were deposited in a submarine fan, or slope apron environment
(Crame et al., 2006) with changing sedimentation from turbidite flows
and suspension causing the bimodal grain-size composition.

5. Discussion
5.1. Climate background

The Antarctic Peninsula region had, until recently, been considered
one of the most rapidly warming parts of the Earth, with a significant ef-
fect of air temperature warming on the active layer and permafrost
thermal state and properties (e.g. Guglielmin, 2006; Vieira et al., 2010;
Bockheim et al., 2013). In fact, the air temperature cooling in the region
started around 1998-2000 in the north-eastern Antarctic Peninsula
(Turner et al.,, 2016). From an air temperature point of view, the study
period of 2013 to 2015 was 0.2 °C colder than the average mean annual
air temperature in 2006-2015, which was — 7.0 °C (Hrbacek et al.,
2016¢). Nevertheless, for the active layer development, summer tem-
peratures reflected also as TDD indices are more important than annual
temperatures, which are significantly affected by temperature during
the winter months (e.g. Zhang and Stames, 1998). The air temperature
decrease was most pronounced during the summer months (Turner
et al., 2016), which has caused the active layer thinning and decrease
of ground temperatures in the Antarctic Peninsula region (Oliva et al.,
2017a). However, between summer 2013/14 and 2015/16 the air tem-
perature increased by 1.2 °C and the ground temperature at 5 cm by
2.2 °C on James Ross Island, which resulted in a significant increase of
the active layer thickness on AWS-JGM from 51 to 65 cm.

Active layer depth (cm)

U|||||||||||

10-13 11413 1213 1-14 214 3-14 10-14  11-14 1214

2-15  3-15 10-15 11-15 1215  1-16 216 3-16

Fig. 5. Seasonal development of active layer depth at AWS-JGM and AWS-CALM in thawing seasons 2013/14 to 2015/16.
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Fig. 6. Variability of probed active layer depth in CALM-S sites in thawing seasons 2013/14 to 2015/16.

5.2. Effect of lithology on active layer depth and the permafrost thermal
regime

The most important factors affecting the active layer thermal regime
and thickness are considered to be climate, snow, vegetation, and
ground physical properties (e.g. Brown et al., 2000; Frauenfeld et al.,
2004; Zhang, 2005), the effects of which were discussed in the case of
James Ross Island by Hrbacek et al. (2016b). From the perspective of
the active layer thermal and depth variability on CALM-S JGM, the
only important factors considered here are the ground physical proper-
ties, which strongly depend on lithology. The possible effects of the
other above-mentioned factors were neglected because a) the climate
conditions can be considered uniform for such a small area; b) the effect
of snow cover and its insulation capability on the ground thermal re-
gime was found to be negligible in previous studies (e.g. Hrbacek
et al,, 2016a), which was also confirmed by very high values of freezing
n-factors (>0.85) at both sites. According to the empirical measure-
ments of Goodrich (1982), or Riseborough and Smith (1998) such
high values suggest prevailing snow-free conditions during the winter;
) the vegetation on James Ross Island is limited only to specific, small
areas (Bartdk et al.,, 2015; Nyvlt et al., 2016), which are not present on
CALM-S JGM.

Ground physical properties are conditioned by lithology, especially
by grain-size characteristics of the material. They are fundamental for
moisture content, and ground thermal conductivity. The significantly
higher content of clay in the north-western part of CALM-S JGM
(Fig. 7) allows the ground to retain more liquid water (c.f. Putkonen,
1998), which resulted in ca. 8% higher water content in the northern
part of CALM-S JGM located in Whisky Bay Fm. sediments. Only small
differences in dry bulk density between both lithology suggest, that
the texture and water content differences are the most important factor
causing 2-4 x higher soil thermal conductivity, and significantly higher
soil thermal capacity in Whisky Bay Fm. sediments (c.f. Farouki, 1981;
Abu-Hamdeh and Reeder, 2000). Another consequence of the different
moisture contents between AWS-CALM and AWS-JGM was the later be-
ginning of the initial thawing of the active layer at AWS-CALM (Fig. 5).
Despite a higher thermal conductivity and capacity at AWS-CALM, a

Table 5

larger amount of heat was necessary for the phase change of water.
Therefore, active layer thawing started earlier and reached greater
depths at AWS-JGM.

Despite significant differences in thermal and moisture properties,
no signs of any “zero-curtain” phenomena have been observed in the
ground thermal regime typical of the beginnings and endings of
thawing seasons, during which phase change occurs (Outcalt et al.,
1990). This was not detected even in the deeper parts of both profiles,
which is in contrast with observations from other parts of the Antarctic
Peninsula (e.g. de Pablo et al., 2014), or continental Antarctica (e.g.
Guglielmin and Cannone, 2012).

Different lithological properties caused diverse heat transport to
deeper parts of the active layer and the uppermost part of the perma-
frost. Despite relatively low differences (0.4 to 0.5 °C) between the
mean annual temperatures of permafrost at 100 and 200 cm depths be-
tween AWS-CALM and AWS-JGM, the maximum mean seasonal tem-
perature of permafrost on AWS-CALM was higher by 1.0 °C (100 cm)
to 1.5 °C (200 cm), than on AWS-JGM. The predicted warming in Eastern
Antarctica during the 21st century (RCP model; IPCC, 2013) could there-
fore cause faster degradation of the uppermost part of the permafrost, as
well as thickening of the active layer in areas with higher ground ther-
mal conductivity and capacity. Furthermore, models predict pro-
nounced drying (reduction of moisture content in the surficial part of
the active layer) of the ice-free areas of James Ross Island due to ongoing
glacial shrinkage and enhanced active layer thawing (ATCM, 2015). It
can be assumed that such a change of hydric regime would affect the bi-
ological activity of soils, material transport, and erosion in coastal areas
of James Ross Island.

5.3. Active layer depth variability

Active layer depth probing showed that this simple method could be
very useful for gaining a better understanding of its local variability
(Bonnaventure and Lamoreaux, 2013). Despite the smaller area of the
CALM-S JGM site, very large differences of around 50 cm were observed
between the minimum and maximum active layer depths. The distribu-
tion of active layer depths clearly distinguishes between the parts of

Summary of active layer depth (ALD) measurement and active layer thickness (ALT) on CALM-S JGM.

Season Date of maximum thickness ALD probing ALD mean (cm) ALD max (cm) ALD min (cm) Sd.? ALT JGM (cm) ALT CALM (cm)
2013/14 24 January 5 February 66.4 100 51 9.8 51 -

2014/15 8 February 6 February 78.4 110 58 122 63 86

2015/16 8 February 29 January 77.0 113 59 11.6 65 87

¢ Standard deviation.
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CALM-S formed by marine terrace sediments (60-70 cm) and Creta-
ceous sediments (80-100 cm) (Figs. 2 and 6). Such a clear effect of li-
thology has not yet been described on any other CALM-S sites in
Antarctica. The spatial distribution of the active layer depth has usually
been driven by snow cover distribution influenced by local meso-
topography (Guglielmin, 2006; de Pablo et al., 2013; Ramos et al.,
2017) and spots of vegetation cover (Guglielmin et al., 2014b).

The maximum probed active layer depth within the grid exceeded
by about 25 cm the active layer thickness determined by the 0 °C iso-
therm at AWS-CALM. To calculate the maximum possible active layer
depth in 2015/16, when probing was not undertaken at the end of the
season, the correction according to the 0 °C isotherm development
was applied (Brown et al., 2000). At first, the temporal change in active
layer depth between 18 and 29 January 2016 (Table 6) was analysed.
The mean active layer depth increased by 6 cm (from 71 cm to
77 cm). In 60% of the grid, the increment to the active layer depth was
between 3 cm and 9 cm (Fig. 8), while the active layer thickness at
AWS-JGM and AWS-CALM increased by 7 cm and 4 cm, respectively. A
more rapid increase of active layer thickness by 12 cm was observed
at AWS-CALM between 29 January and 8 February, but the active layer
thickness increased by 4 cm only at AWS-JGM (Table 6 and Fig. 5). Con-
sidering the part of CALM-S with the deepest active layer located close
to AWS-CALM, the maximum active layer depth may have reached al-
most 125 cm in February 2016. Moreover, using the mean value of the
active layer thickness increment (8 cm) at AWS-JGM and AWS-CALM,
the mean active layer depth within the CALM-S may have reached
85 cm. From the perspective of active layer depth variability on James
Ross Island, both the lowest and highest active layer depths were ob-
served within the CALM-S site when compared with other localities
on James Ross Island (e.g. Engel et al., 2010; Hrbacek et al., 2016a,2017).

Even though the mean annual air temperature on James Ross Island
is about 4-5 °C lower than on the South Shetlands in the western Ant-
arctic Peninsula region, the thawing seasons during summer are gener-
ally warmer with higher TDD indices (Hrbacek et al., 2016b).
Comparing the results of mean active layer depths from CALM-S sites

in Deception Island (Ramos et al., 2017) and Livingston Island (de
Pablo et al.,, 2013), the mean active layer depth in the CALM-S grid has
been about 30-50 cm higher on James Ross Island. This difference is
caused by snow cover, which has persisted on the ground in the South
Shetlands during the summer season, impeding deep active layer
thawing (de Pablo et al., 2017), while snow-free conditions and an
equally developed active layer depth are typical for CALM-S on James
Ross Island. Nevertheless, the active layer thicknesses at different sites
formed by loose material in the western Antarctic Peninsula region
reach higher values than on James Ross Island, varying usually between
100 and 120 cm (e.g. Vieira et al., 2010; Bockheim et al., 2013; de Pablo
et al., 2014; Oliva et al.,, 2017b; Almeida et al., 2017). At solid bedrock
sites the active layer thickness could even reach from 150 cm up to
500 cm, due to the higher thermal conductivity of solid rocks
(>3.0 W m K~'; Ramos and Vieira, 2009; Correia et al., 2012;
Guglielmin et al., 2014a).

6. Conclusions

In this study, the first results of CALM-S monitoring from a study site
in the eastern Antarctic Peninsula region are presented. James Ross Is-
land offers a unique opportunity to study the active layer thermal re-
gime and its thickness, because it contains the largest ice-free area in
the whole Antarctic Peninsula region, and active layer thermal regime

Table 6

Active layer thickness (ALT) and depth (ALD) development on CALM-S between 18 Janu-
ary 2016 and 8 February 2016. Numbers in brackets indicate increment of active layer
depth and thickness.

Date Mean ALD Max ALD Min ALD ALT JGM ALT CALM
(cm) (cm) (cm) (cm) (cm)

18 January 71 100 53 52 71

29 January 77 (+6) 113(+13)  59(+6) 59(+7) 75(+4)

8 February ~ 85° 125 632 63 (+4) 87 (+12)

@ Recalculated value of ALD according to ALT increment.
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Fig. 8. Differences in probed active layer depth between 18 January and 29 January 2016.

could be studied under different lithological, geomorphological, hydro-
logical, ecological, and meteorological conditions. With respect to local
conditions, which neglect the effects of snow cover or vegetation on
the active layer thermal regime and thawing depth, this study focused
on the effects of differences in lithology.

The study site established near the Johann Gregor Mendel Station
encompassed contrasting lithological settings of Holocene marine ter-
race and Cretaceous sedimentary rocks, which resulted in significant
differences in the active layer depth. It reached around 60-70 cm in
the marine terrace part, while it reached 80-100 cm in the Cretaceous
sediments. The difference between maximum and minimum depths
was >50 cm. This variability explains primarily different soil texture
and soil moisture which significantly affect ground thermal properties
in both parts of CALM-S. The lithology further significantly affects the
ground thermal regime in the permafrost. During the summer and au-
tumn seasons, a temperature of >1.0 °C higher at 200 cm was found in
the area of CALM-S with higher heat permeability, which may cause
higher vulnerability of the permafrost to thawing in the case of future
climate changes in this area.

The probing at the CALM-S site highlighted this approach as a very
useful method for active layer research. It was possible to identify very
large differences in the active layer depth over a small area. These
were not possible to detect with ground temperature monitoring only.
However, one of the main issues in the first year of monitoring at
CALM-S JGM was the timing of the final measurements, which was in-
consistent with the date of the maximum active layer depth. Therefore,
recalculation was used according to the CALM protocol, taking into ac-
count the propagation of the 0 °C isotherm. The maximum recalculated
active layer depth may have reached around 125 cm, and the mean ac-
tive layer depth within the grid may have reached 85 cm in 2015/16.
These observations therefore suggest that at least two active layer
depth probing and continuous ground temperature measurements
from at least two profiles at CALM-S grid are necessary for active layer
depth recalculation in seasons when the measurement of the maximum
active layer depth is not possible.
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EFFECT OF HYALOCLASTITE BRECCIA BOULDERS
ON MESO-SCALE PERIGLACIAL-AEOLIAN
LANDSYSTEM IN SEMI-ARID ANTARCTIC
ENVIRONMENT, JAMES ROSS ISLAND, ANTARCTIC
PENINSULA!

M. KNAZKOVA®*, F. HRBACEK, J. KAVAN, D. NYVLT

Department of Geography, Masaryk University, Brno, Czech Republic

ABSTRACT. In this study we aim to describe the processes leading to the crea-
tion of a specific periglacial and aeolian landsystem, which evolves around the
hyaloclastite breccia boulders on James Ross Island, north-eastern Antarctic
Peninsula. These boulders were deposited as a result of the Late Holocene advan-
ce of Whisky Glacier, forming a well-developed boulder train approximately 5-km
long, stretching from Whisky Glacier moraine to Brandy Bay. The combination
of ground temperature monitoring, SNow cover measurements, grain size analysis
and field survey were used to quantify and understand the interplay of perigla-
cial and aeolian processes leading to the formation of the specific meso-scale
landsystem around the boulders. The ground temperature probes were installed
during January 2017 in the vicinity of two selected boulders. The two study sites,
at Monolith Lake (large boulder) and Keller Stream (smaller boulder), were also
fitted with snow stakes and trail cameras. An automatic weather station (AWS)
on the Abernethy Flats, located approximately two kilometres to the north-west,
was used as a reference site for ground temperature and snow cover thickness.
The hyaloclastite breccia boulders act as obstacles to wind and trap wind-blown
snow, resulting in the formation of snow accumulations on their windward and lee
sides. These accumulations affect ground thermal regime and lead to the trans-
port of fine particles by meltwater from the snow during the summer season. The
snow cover also traps wind-blown fine sand resulting in the formation of fine-
grained rims on the windward and lee sides of the boulders after the snow has
melted. Furthermore, the meltwater affects ground moisture content, creating fa-
vourable, but spatially limited conditions for colonisation by mosses and lichens.

1 This paper has received the First Prize and Honorable Mention (shared) from the Young
Researcher Innovation Award on Cryosphere Science, granted by the Research Group on Physical
Geography in High Mountains, Complutense University of Madrid (Department of Geography),
Spain.
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Importancia de los bloques de hialoclastita en la morfogénesis periglaciar
y edlica a escala media en ambiente semidrido antdrtico, Isla James Ross,
Peninsula Antdrtica

RESUMEN. En este trabajo tratamos de describir los procesos que conducen a
la creacion de un sistema especifico periglaciar y edlico, que evoluciona alrede-
dor de bloques de hialoclastita en la Isla James Ross, nordeste de la Peninsula
Antdrtica. Estos bloques fueron depositados como resultado del avance a finales
del Holoceno del Glaciar Whisky, formando un cordon de bloques de unos 5 km
de longitud, desde la morrena del Glaciar Whisky hasta la Bahia Brandy. La
combinacion del seguimiento de la temperatura del suelo, medidas de la cubierta
nival, andlisis granulométricos y trabajo de campo permitieron cuantificar y en-
tender las interacciones de los procesos periglaciares y edlicos que conducen a
la formacion de un sistema especifico a mediana escala alrededor de los bloques.
Se instalaron sondas de temperatura del suelo en enero de 2017 en la proximidad
de dos bloques seleccionados. Los dos lugares de estudio, en el Lago Monolith
(bloque mayor) y el rio Keller (bloque menor), fueron también controlados con
estacas de nieve y cdmaras de seguimiento. Una estacion meteorologica automd-
tica en los Abernethy Flats, localizada aproximadamente 3 km al nordeste, fue
utilizada como lugar de referencia para la temperatura del suelo y el espesor de
la cubierta nival. Los bloques brechosos de hialoclastita actiian como obstdculos
y atrapan la nieve desplazada por el viento, dando lugar a la formacion de acu-
mulaciones de nieve a sotavento y barlovento. Estas acumulaciones afectan al
régimen termal del suelo y conducen al transporte de particulas finas por el agua
de fusion durante el verano. La cubierta nival también atrapa arena fina trans-
portada por el viento, dando lugar a la formacion de anillos de arena fina en los
lados de sotavento y barlovento de los bloques, una vez que la nieve ha fundido.
Ademds, el agua de fusion afecta al contenido de humedad del suelo, creando
condiciones favorables, aunque espacialmente limitadas, para la colonizacion
por musgos y liquenes.

Key words: Ground sorting, periglacial environment, Antarctica, wind accumu-
lation, snowmelt.

Palabras clave: ordenacion de suelos, ambiente periglaciar, Antartida, acumula-
cioén edlica, fusion nival.
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Effect of hyaloclastite boulders on periglacial landsystem in Antarctica

1. Introduction

Ice-free areas in Antarctica, in which periglacial processes dominate, form less than
0.5% of the continent (Burton-Johnson et al., 2016; Hrbacek et al., 2019). Moreover,
significant parts of the ice-free areas are formed by rock outcrops or nunataks, which
prevent the development of soils. Nevertheless, sorted ground can be found covering the
whole range of deglaciated surfaces in Antarctica, regardless of age. The oldest sorted
ground can be found in Victoria Land, and are estimated to be in excess of 8.1 Ma
(Marchant et al., 2002). In the Antarctic Peninsula region, the origin of sorted ground is
related to the Late Pleistocene-Holocene deglaciation of the area (O Cofaigh et al., 2014);
however, sorted ground in the early stage of development have also been observed in areas
that have become deglaciated during the last few decades (e.g. Oliva and Ruiz-Fernandéz,
2015). Mapping of periglacial landforms in the South Shetland Islands suggests that sorted
ground form about 20% of all ice-free surfaces in this region (Lopéz-Martinez et al.,2012).

Wind is an important geomorphic agent in both hot and cold desert environments
(e.g. Koster and Dijkmans, 1988; McKenna Neuman, 1993; Seppild, 2004), mainly
resulting from the absence of ground-protective vegetation. Analogies can therefore be
drawn between some of the features commonly observed in the hot deserts of the world
and the ice-free areas of Antarctica (McKenna Neuman, 2004). Wind derived landforms
are especially common in the Antarctic regions with an abundance of source material
and sufficient wind velocities. Ripples reaching a height of several decimetres have
been reported from Marion Island (Hedding et al., 2015), as well as dunes located near
Canada Glacier in Taylor Valleys (Sabackd ef al.,2012). The largest Antarctic dune field,
Packard Sand Dunes, covers an area of approximately 1.5 km? near Lake Victoria in the
McMurdo Dry Valleys (McGowan et al., 2014).

One of the most important group of processes acting in periglacial environments are
aeolian and niveo-aeolian processes (French, 2017). In the polar regions, comparatively
little research has been conducted on this topic until present (Hedding er al., 2015).
Traditionally, the majority of the studies dealing with these processes and their dynamics
in cold regions were focused on sedimentation rates (e.g. Koster and Dijkmans, 1988;
McKenna Neuman, 1993; Brookfield, 2011), a situation which was similar for research
conducted on niveo-aeolian processes in Antarctica (e.g. Lancaster, 2004; Ayling and
McGowan, 2006; Atkins and Dunbar, 2009; Gillies ef al., 2013). Consequently, studies
in to landform evolution (e.g. Speirs et al., 2008; Bourke er al., 2009), as well as the role
that niveo-aeolian erosion plays in rock weathering (e.g. Matsuoka et al., 1996; Hedding
et al.,2015) are limited to a few pioneering investigations.

In this paper, we present the findings of a study investigating the interplay between
periglacial and aeolian processes forming a specific landsystem around hyaloclastite
breccia boulders on James Ross Island, Eastern Antarctic Peninsula. Landsystem
approach includes the range of processes and forms; and their relationships associated
with the past and present geographic setting of the area (Eyles, 1983; Benn and Evans,
2010). Mostly glacial, periglacial, or paraglacial landsystems and associated sediment-
landform assemblages were defined in the literature (Evans, 2003; Davies et al.,
2013; Kovanan and Slaymaker, 2015). The assemblages can be recognised at a range
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of scales, from the site to the continent scale. The hierarchical approach is a powerful
means of describing how sediments and landforms fit together, and determining how
organisation in the landscape reflects the depositional processes and external controls in
the environment. In our case, we intent to describe the processes and forms at the site
and its surroundings, which is referred to as the meso-scale level. However, it is probably
the first time when such a periglacial-aeolian landsystem at the meso-scale was described
from Antarctica. The main objectives of this study are: (i) to describe the processes
leading to the formation of snow accumulation and its geometry around the boulders,
(ii) to quantify the effect of snow on ground thermal regime, and 3) to discuss the role of
hyaloclastite breccia boulders on the formation of specific meso-scale landforms in the
periglacial environment of semi-arid maritime Antarctica.

2. Study area

James Ross Island lies off the northeastern coast of the Antarctic Peninsula (Fig.
1). It covers an area of approximately 2500 km?in the altitudinal range of 0-1630 m, of
which approximately 25% is ice-free. The largest ice-free area on James Ross Island is
the Ulu Peninsula, which covers approximately 300 km?, and is also the largest ice-free
area within the Antarctic Peninsula region.

The climate of James Ross Island is classified as semi-arid polar as it lies in the
precipitation shadow of the Antarctic Peninsula mountain range. Estimates of average
annual precipitation range between 200-500 mm, most of which falls in the form of snow
(van Lipzig et al., 2004). However, snow accumulation distribution across James Ross
Island is spatially heterogeneous as a result of strong winds.

The geological composition of James Ross Island comprises Jurassic to Cretaceous
sedimentary rocks of the James Ross Basin (del Valle et al., 1992), which crop out
mostly in the low-lying areas of James Ross Island (MI€och et al.,2018). The Mesozoic
strata are protruded and overlain by Neogene to Quaternary rocks of the James Ross
Island Volcanic Group (Nelson, 1975; Smellie et al., 2013), which consists of various
types of hyaloclastites, basaltic lavas, dykes and subordinate pyroclastic rocks (Kosler
et al., 2009; Altunkaynak et al., 2018) that predominantly originate in a subglacial
setting (Smellie et al., 2008). At the Abernethy Flats, siltstones and sandstones of the
Alpha Member of the Santa Marta Formation (Olivero et al., 1986; Crame et al., 1991)
are covered by boulders of hyaloclastite breccia brought to the area from the Stickle
Ridge and Smellie Peak volcanic elevations during the Holocene advance of Whisky
Glacier, forming well-developed boulder trains (Hjort ez al., 1997; Davies et al.,2013).

The deglaciation of Ulu Peninsula is altitude-dependent, with the low-lying
areas (< 50 m a.s.l.) having become deglaciated during the late Pleistocene (12.9 +
1.2 ka; Nyvltet al.,2014); however, areas of mid-altitudes (200-400 m a.s.l.) remained
ice-covered throughout the early Holocene (Johnson et al., 2011). During the mid-
Holocene, glacier extent was broadly similar to present glacial coverage (Glasser et
al., 2014). The mid-late Holocene is characterised by Neoglacial advances of local
glaciers that have been recognised from Ulu Peninsula based on sedimentary sequences
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of glacial landforms (Hjort et al., 1997) and associated lacustrine records (Bjorck et
al., 1996). Modelling experiments suggest that glaciers on Ulu Peninsula remained
stable during the mid-late Holocene, and that the Neoglacial re-advance took place in
the last millennium, or during the local Little Ice Age (Davies et al., 2014). Current
glacier systems include ice aprons, cirque, piedmont and land-terminating valley
glacier, as well as small ice caps located on volcanic mesas (Carrivick et al., 2012;
Engel et al., 2012). To the south, the ice-free area of Ulu Peninsula is bounded by the
Dobson Dome and Mt. Haddington Ice Caps (Davies et al.,2012). All of these glaciers
have experienced a pronounced amount of mass loss during the previous few decades
(Davies et al., 2012; Engel et al., 2012; Seehaus et al., 2018); however, positive mass
balances have been observed between 2009 and 2015 (Engel et al., 2018).
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Figure 1. Regional setting and the location of study area on James Ross Island.

3. Methods

3.1. Ground temperature monitoring

Automatic systems for ground temperature monitoring were installed in January
2017 in close proximity to the two selected boulders of hyaloclastite breccia. The two
monitored boulders vary in size. The larger boulder is located close to Monolith Lake,
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with the smaller boulder lying approximately 500 m to the west of Monolith Lake, next
to Keller Stream. Both boulders were selected based on their location, as they were
located in relatively flat areas with no other boulders shielding them from the prevailing
wind direction. The boulder on the Monolith Lake site is approximately 5 m high and
measures 46.7 m in circumference. The smaller boulder on the Keller Stream site
measures approximately 1.8 m in height and is 8 m in circumference. The scheme of
ground temperature probe positions can be seen in (Table 1) and (Fig. 2).

Table 1. Distance of the ground temperature probe from the boulder for Monolith Lake and
Keller Stream sites in cm.

71 72 73 74
M1 75 175 385 600
M2 75 175 385 600
K1 40 150 380 -
K2 40 150 420 -

Jk‘%- - : A L i

e~ A 4

-~ “Brandy Bay —*

Figure 2. Study area. A panoramic view from the Whisky Glacier moraine towards the
hyaloclastite breccia boulder train with Abernethy Flats and Brandy Bay (A), the study sites at
the Monolith Lake (B) and Keller Stream (C).

The ground temperature measuring equipment consists of two dataloggers at both
the Monolith Lake site (V12 EMS) and at the Keller Stream site (Fiedler MiniLog). Pt100
temperature probes (accuracy + 0.15 °C) were installed across transects at various depths
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(2cm, 5 cm and 15 cm for Monolith Lake site; 5 cm and 15 cm for Keller Stream site and
at various distances from the boulder, see Table 1). The orientation of the primary transect
(dataloggers M1 and K1) corresponds to the prevailing local wind direction (azimuth
205°), with the secondary transect (dataloggers M2 and K2) orientated perpendicular to
the primary transect (azimuth 295°). The temperature was measured and recorded every
30 minutes. The data were used for the calculation of mean, maximum and minimum
daily temperatures. Additionally, the daily amplitude was used as a marker of snow
presence on the site (e.g. Hrbacek et al., 2016; Oliva et al., 2017).

In order to describe ground thermal properties, the thermal indices were calculated,
which are commonly used in other studies in both the Arctic and Antarctic (e.g. Frauenfeld
et al.,2007). The thermal indices used in this study are:

a) Freezing degree days (FDD) as a sum of mean daily temperatures < 0 °C of air
(FDDa) and 5 cm depth (FDDg)

b) Thawing degree days (TDD) as a sum of mean daily temperatures > 0 °C of air
(TDDa) and 5 cm depth (TDDg)

¢) The freeze-thaw days with the maximum daily temperature > 0.15 °C and the
minimum daily temperature < -0.15 °C

d) Isothermal days as days with the daily amplitude < 0.3 °C

The freeze-thaw and isothermal days were defined with a respect to the accuracy of
the temperature sensors.

3.2. Snow cover monitoring

Both sites have been fitted with trail cameras (LTL Acorn 6310 MCW), one at
the end of each transect, facing towards the boulder. Stakes marked with snow height
indicators were placed between the camera and the boulder.

At the Keller Stream site, both trail cameras functioned for the whole year from
January 2017 to January 2018, taking photos approximately every 3 hours. At the
Monolith Lake site, one of the trail cameras installed on the main transect malfunctioned
in mid-June as a result of being buried in a snow drift. The second camera also ceased
working for the same reason at the end of June.

3.3. Field survey

During January 2017, a field survey was undertaken in the vicinity of the hyaloclastite
breccia boulder train. Approximately 50 boulders were selected with the aim of determining
their dimensions in relation to the width of the sorted area around the boulder. For each
boulder, the following characteristics were recorded using the specified equipment:

—  GPS coordinates (Garmin GPSMap 62s handheld GPS device)
—  height (Nikon 550 AS distance meter, accuracy 0.1 m)

— circumference (measuring tape)
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—  width of the sorted area (measuring tape)

— geometry of snow accumulations and sorted zones around the boulders (Garmin
GPSMap 62s handheld GPS device)

3 4. Grain size analysis

Regolith samples were collected from both sites along the main transects, with
samples being collected from the surface as well as from a depth of 10 cm at different
distances from the boulder. At the Monolith Lake site, samples were collected from 4
zones (Z1-Z4), and at the Keller Stream site samples were collected from 3 zones.

As a result of logistical reasons, it was not possible to transport large samples of
regolith from Antarctica to Europe. Therefore, each sample was dry sieved on site, and
only the fraction below 2 mm was transported for further analysis. Once transported to
the laboratory, the samples were processed using a combined laser and camera Bettersize
S3 Plus particle size analyser at Polar-Geo-Lab, Department of Geography, Masaryk
University in Brno.

For a better overall representation of the sorting processes occurring around the
boulders, we also calculated fine-to-coarse sand index, which shows the relative
proportion of the two most commonly found fractions.

3.5. Reference weather station

The reference automatic weather station (AWS) is located on the Abernethy Flats
and provides data for the wider area (Hrbacek ef al., 2017). In this study, the data from
01 February 2017 to 31 January 2018 was processed for analysis. The surrounding area
of the automatic weather station is formed of an approximately flat surface with slope
angles of < 3°, therefore the meteorological parameters measured were not affected by
topography and are lithologically analogical to the surroundings of the studied boulders.
Air temperature data was measured at 2 m above the ground by a EMS 33 sensor
(accuracy + 0.15 °C) mounted in a radiation shield, with the ground temperature at 5 cm
depth measured by Pt100 (accuracy + 0.15 °C). Wind speed and direction was measured
at 3 m above the ground by a Young Wind Monitor-HD 05108 (wind speed accuracy
+ 0.3 m s'; wind direction accuracy + 3 degrees), and the snow thickness was measured
using a Depth Sensor manufactured by Judd Communication (accuracy + 1 cm).

The temperature data were evaluated in an identical way as those from the Monolith
Lake and Keller Stream sites. Wind speed, wind direction, and snow thickness data
provided information necessary for the evaluation of the boulder’s effect on snow
accumulation and ground sorting.
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4. Results

In the following section the results of the ground temperature monitoring, as well as
the snow and wind conditions are presented for the study period. For comparison, data
from the reference AWS on the Abernethy Flats is used. Data collected from environmental
monitoring is supplemented with field survey, mapping, and laboratory analyses.

4.1. Ground thermal characteristics

The mean annual air temperature at the reference site on Abernethy Flats was
-6.6 °C (Table 2), while the mean daily air temperature varied between 7.4 °C and
-28.9 °C (Fig. 3). The warmest month was December 2017 (mean temperature 0.6 °C),
while the coldest month was June 2017 (-15.3 °C). TDDa reached 244 °C-days, FDDa
was -2653 °C-days. The number of air temperature defined freeze-thawing days was
142. Mean annual ground temperature at 5 cm at the Abernethy Flats site was -5.9 °C.
The mean daily ground temperature varied between 10.5 °C and -19.4 °C. TDDg was
480 °C-days, FDDg dropped to -2638 °C-days. The total number of freeze-thawing days
at 5 cm was 81, while the number of isothermal days at 5 cm was 35.

Table 2. Air and ground thermal characteristics at the Abernethy Flats AWS.

Parameter Value

MAAT ( °C) 6.6

MAGT 5 cm ( °C) 59

TDDa ( °C-day) 244

TDDg ( °C-day) 480

FDDa ( °C-day) -2653

FDDg ( °C-day) -2638

F-T days air 142

F-T days 5 cm 81

IT days 5 cm 35

The mean annual ground temperature at the Monolith Lake site varied between
-6.7 and -5.4 °C within the main transect (M1), and between -6.5 and -5.5 °C within
the secondary transect (Fig. 3). There were only very slight differences in mean ground
temperature between the three monitored depths (Table 3). In the main transect, the
lowest mean annual ground temperatures occurred closest to the boulder in Z1, increased
towards Z2, and then decreased slightly in Z3 and Z4. In the secondary transect, the
lowest temperatures occurred at the furthest distance from the boulder and increased
in the direction towards the boulder. The mean daily ground temperature amplitude in
M1 decreased away from the boulder and also with depth. The maximum and minimum
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Figure 3. Variability of air temperature (AT) and ground temperature (GT) at selected depths at
the Abernethy Flats reference site and Monolith Lake and Keller Stream study sites in the zones
1-4(Z1-Z4).
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Table 3. Ground thermal characteristics at the Monolith Lake site.

Monolith Lake 1 Monolith Lake 2
Parameter

71 72 73 74 71 72 73 74
MAGT 2 em (°C) -6.6 54 -59 57 =55 -62 62 -6.5
MAGT 5 cm (°C) -6.7 =54 -5 5.6 -58 =57 62 -6.3
MAGT 15 cm (°C) -6.5 54 =57 55 =56 =57 -63 -6.3
GTA2(°C) 6.1 40 44 35 7.1 79 43 38
GTAS5 (°C) 48 26 24 15 45 43 26 26
GTA 15 (°C) 27 15 1.1 09 27 24 1.8 1.6
TDD 5 (°C-day) 240 288 232 152 348 397 292 289
FDD 5 (°C-day) -2768 2313 -2391 -2259 -2521 -2546 -2611 -2648
IT days 2 2 63 139 163 0 0 46 56
IT days 5 2 73 149 186 0 0 51 69
IT days 15 21 97 184 205 4 6 54 64
F-T days 2 115 72 89 82 118 138 68 99
F-T days 5 71 22 24 31 73 24 33 56
F-T days 15 30 11 8 11 35 6 18 50

amplitudes were 6.1 °C and 3.5 °C in Z1 and Z4, respectively. A similar pattern was
observed also in M2, with amplitudes reaching slightly higher than in M1, with the
maximum and minimum amplitudes being 7.9 °C (Z2) and 1.6 °C (Z4), respectively.
The number of isothermal days increased away from the boulder. There were only
2 isothermal days observed in the main transect in Z1 close to the ground surface, in
contrast to 163 such days in Z4. The number of isothermal days also increased greatly
with depth. Approximately one third of the total amount of isothermal days were observed
in Z3 and Z4 on the secondary transect; however, in Z1 and Z2 no isothermal days at 2
and 5 cm depths were detected. The number of freeze-thaw days in Z1 was similar in
both transects. The frequency of freeze-thaw cycles decreased with depth. The maximum
number of freeze-thaw days (138) was observed in Z2 in the secondary transect, closest
to ground surface. The minimum (6) was within the same zone, at 15 cm below ground
surface (Fig.4). TDDg was between 152 and 288 °C-days within the primary transect, and
between 289 and 397 °C-days in the secondary transect. FDDg dropped to between -2259
and -2768 °C-days (primary transect) and -2521 and -2648 °C-days (secondary transect).
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Figure 4. Calendar of freeze-thawing days and isothermal days at the Monolith Lake and Keller
Stream sites.

At the Keller Stream site, mean annual ground temperature decreased away from
the boulder in both transects. Overall, in the comparison between the two transects, there
were very similar averages for all zones, with the maximum difference being only 0.2 °C
in Z2 (Table 4 and Fig. 3). Greater differences between the two transects can be seen in
mean daily ground temperature amplitude. This is slightly higher in all zones of K2. The
amplitude in K2 increases away from the boulder; however, in K1, the minimum amplitude
is observed in Z2. The number of isothermal days is higher in K1, where most such days
occur in Z2. The number of isothermal days increases with depth. The occurrence of freeze-
thaw days is higher in the secondary transect, especially in Z2, where 55 freeze-thawing
days were observed at a depth of 5 cm, in comparison to only 19 freeze-thawing days in
the main transect. In Z1 and Z3, the total number of freeze-thawing days is similar for both
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Table 4. Ground thermal characteristics at the Keller Stream site.

Keller Stream 1 Keller Stream 2
Paramet

71 72 73 z1 72 YA]
MAGT 5 em (°C) 54 5.6 -62 -53 58 -6.1
MAGT 15 em (°C) 54 5.6 -6.1 54 57 -6.1
GTA 5 cm (°C) 4.1 3.1 54 48 55 6.1
GTA 15 cm (°C) 23 1.7 2.8 27 28 30
TDD 5 cm (°C-day) 197 332 435 235 360 508
FDD 5 cm (°C-day) 2575 -2490 -2553 2575 -2662 -2588
IT days 5 8 34 14 5 4 10
IT days 15 34 60 27 20 20 18
F-T days 5 24 19 45 27 55 51
F-T days 15 3 1 13 5 1 10

transects. However, fewer freeze-thawing days were observed at a depth of 15 cm than
were observed at a depth of 5 cm (Fig. 4). TDDg on the Keller Stream site was between
197 and 435 °C-days within the primary transect, and between 235 and 508 °C-days in the
secondary transect, with FDDg dropping to between -2490 and -2575 °C-days (primary
transect) and -2575 and -2662 °C-days (secondary transect).

4.2. Snow accumulation

Continuous snow cover at the reference site on the Abernethy Flats occurred
between the beginning of May and the beginning of November 2017 (Fig. 5). The mean
thickness of the snow was 19 cm, with the maximum thickness in mid-October reaching
50 cm. The data from the time-lapse camera at the Monolith Lake site showed a rapid
snow accumulation between mid-May and the beginning of June, during which time
the maximum snow thickness around the boulder increased from 20 to 70 cm (Fig.
5). The minimum thickness at the margin of the snow accumulation corresponds with
the snow thickness measured at the Abernethy Flats site. At the Keller Stream site, the
snow accumulation starts to develop in early March. At this site, the snow thickness
corresponds to those observed at the Abernethy Flats site; however, there were more
peaks indicating the snow accumulation forming. Unlike the Monolith Lake site, the
snow thickness at the Keller Stream site never exceeded 50 cm (Fig. 5).
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Figure 5. Evolution of snow cover at the Abernethy Flats reference site, Monolith Lake and
Keller Stream sites.

4.3. Wind conditions

The most common wind direction azimuths at the reference weather station were
between 210° and 240° (25.5%) and between 240° and 270° (12.6%), which account
for 38.1% of the total wind directions for 60° span (Fig. 6). The mean wind speed was
5.3 m s, however it varied significantly with the wind direction. The highest wind speeds
which exceeded 20 ms? were observed for the azimuth 210° to 240°, while the lowest
wind speeds that rarely exceeded 5 ms? were from 150° to 210° (Fig. 6).

A) 0 B)

270 90 270

0% 5% 10% 15% 20% 25% 30% 0% 10% 20% 30%

180 180

Figure 6. Variability of wind speed and wind direction at Abernethy Flats (A) and the azimuths of
the sorted rims around the boulders (B).
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4.4. Geometry of sorted zone around the boulders

The prevailing wind direction in the area was assumed from the geometry of the snow
accumulations created on windward sides of the boulders. The sorted zones around the
boulders also have slightly elongated geometries, with the main axis orientated towards
the prevailing wind direction. The most frequent azimuths were observed between 210°
and 225° (33.3%), with all the azimuths of the monitored boulders orientated between
180° and 270° (Fig. 6).

A close relationship was discovered between boulder morphometry and the
width of the longest axis of the sorted zone. Strong logarithmical correlation (r =
0.88) significant at p < 0.01 (Fig. 7) was observed between the circumference of the
boulder and the width of the sorted rim. The logarithmical correlation between the
boulder height and the width of the sorted zone was slightly weaker (r =0.81), but also
significant at p < 0.01 (Fig. 7).
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Figure 7. Relationship of sorted rim width to boulder circumference (A) and to boulder height (B).

4.5. Grain size analysis

Grain size analyses of samples from the Monolith Lake site show very low and
relatively stable distributions of clay and silt within the whole transect. The most
significant differences between the individual zones can be seen in the fine sand
fraction, the share of which increases significantly with distance from the boulder,
peaking in Z3 and subsequently decreasing again towards Z4. The maximum share
of the fine sand fraction reaches almost 65% in Z3 at a depth of 10 cm (Fig. 8).
Subsequently, the amount of coarse sand decreases outwards from its maximum in Z1
towards Z3, then increases again in Z4. The share of fine fractions up to medium sand
is higher at 10 cm below the surface than at the surface in all the zones. However, this

Cuadernos de Investigacion Geogrdfica 46 (1),2020, pp. 7-31 21



Kiazkova et al.

A)Monolith Lake

fine-to-coarse sand index

B)Keller Stream

fine-to-coarse sand index
0 2 4 6 8 10 4 6

Z1-s

zZ1-10

Z3-10

0 6
proportion (%)

McC M Wnsi csi fs @ ms Ml cs

+ fine-to-coarse sand index

80 100

40 60
proportion (%)

Figure 8. Grain size analysis results for the Monolith Lake (A) and Keller Stream (B) sites.

difference is most pronounced in Z2. The fine-to-coarse sand index increases from
71 to Z3, where there is almost 9x higher proportion of fine sand when compared to
coarse sand. In Z4, the fine-to-coarse sand index decreases to approximately 3 at a
depth of 10 cm (Fig. 8).

The Keller Stream site shows a similar pattern to that of the Monolith Lake site (Fig.
8). The most abundant fraction, comprising > 50% in Z2, is fine sand, but its increase
is not as pronounced as at the Monolith Lake site. The proportion of clay is very low
overall, accounting for less than 2% (Fig. 8). Similarly, the silt share is also negligible. The
differences between the two depths also show slightly coarser material composition on
the surface in Z1 and Z2; however, this is not the case in Z3, where the deeper sample is
coarser. The fine-to-coarse sand index is lower compared to the Monolith Lake site and it
reaches the highest values in Z2 (Fig. 8).

5. Discussion

The breccia boulders represent unique landforms in the central flats of the Ulu
Peninsula, James Ross Island. As natural obstacles to wind-transported material, such
as snow and sand, they strongly affect wind flow and the accumulation of material
around themselves. Therefore, they represent important geomorphological features,
which significantly change the formation of micro- to meso-scale landforms in semi-arid
periglacial environments.
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5.1. Ground thermal effect on material sorting

Ground thermal conditions are one of the most important parameters studied
in periglacial environments (e.g. Frauenfeld et al., 2007). The ground temperature
monitoring around the breccia boulders and its comparison with the reference AWS
site at the Abernethy Flats is therefore important for understanding the specific physical
processes associated with the meso-scale periglacial landsystems found around the
boulders.

The ground thermal conditions around the breccia boulders differ in some parameters
when compared to the AWS at the Abernethy Flats. The main impact that the boulders
had on ground thermal regime was caused by the shadowing effect of the boulders that
prevented some of the summer incoming radiation reaching the ground, reducing an
important input for ground thermal balance (e.g. Smith and Riseborough, 1996), as well
as inducing increased snow accumulation around them. Unlike flat areas on James Ross
Island, where snow thickness is usually less than 30 cm and its effect on ground thermal
regime is not very significant (Hrbacek et al., 2016), snow accumulation around breccia
boulders can exceed 40 cm for longer periods of time. Such thickness is considered
sufficient to cause the isothermal regime of the ground (Zhang et al., 2005).

The effect of the above-mentioned factors is well demonstrated in thawing and
freezing degree day indices. The shadowing effect of the boulders was most pronounced
in the primary transects and zones closest to the breccia boulders, where TDDg reached
the lowest values of approximately 40-50% lower than at the reference AWS on the
Abernethy Flats. In the marginal zones, low values of TDDg were affected by snow
accumulation, which caused a shorter thawing period (e.g. Zhang et al., 2005; Oliva
et al.,2017). Conversely, in the Z3 zone of both transects from the Keller Stream site,
TDDg were very close (K1) or even higher (K2) than on the Abernethy Flats (Table
2). This suggests that these parts of transects were not affected by either the boulder
shadowing or the snow accumulation.

The most pronounced effect of the snow was observed in the primary transects,
particularly at Z3 and Z4 zones of the Monolith Lake site. Despite the hiatus in snow
data for the majority of the winter, the available measurements demonstrate that the snow
thickness reached at least 70 cm, and that snow cover exceeding 40 cm, which corresponds
to the occurrence of isothermal days, persisted for more than 150 days (Fig. 4).

During the summer months when the area is snow-free, the thermal regime is
typical, with high occurrence of freeze-thawing days, which are most frequent at the
surficial 2 cm depth in all transects. Areas with this type of thermal regime that have
high moisture contents from the thawing of snow, creates suitable conditions for ground
sorting. As a result, sorted rims are commonly found around the breccia boulders.

5.2. Wind-conditioned snow and sand accumulation

In cold semi-arid climates, such as that found in the ice-free areas of James Ross
Island, frost and snow are very important factors affecting landscape-forming processes.
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Snowfall is generally redistributed by strong winds (e.g. Nyvlt et al., 2016). This leads
to snow filling topographic depressions; however, a substantial portion of snow also
accumulates on the windward and lee sides of obstacles in the form of large drifts. The
remaining snow is blown towards the lowest altitudes and commonly accumulates on
sea-ice during the winter, or is deposited into the open sea during the summer. The drift
surfaces may also bear sastrugi that resemble similar shapes as sand dunes. Tsoar (2001)
describes the types of dunes controlled by topographical obstacles such as cliff faces,
boulders etc. The airflow streamlines are forced to separate when they hit the front of the
obstacle. The front and sides of the obstacle are therefore the most heavily eroded parts.
On the windward side, an echo dune is formed of either sand or, in this case, wind-blown
snow. Shaped as a semicircle in plan view, its windward slope has a convex profile, with
a steep lee slope. Furthermore, a lee dune is created on the lee side of the obstacle.

The shape of the echo dune and, subsequently, the sorted zone around the boulder,
is not perfectly circular, but is slightly elongated along the main axis pointing in the
prevailing wind direction (Fig. 9). The prevailing azimuths of the sorted rims around
the boulders (Fig. 6), which also represent the azimuths of the snow accumulations,
corresponds well with prevailing wind direction on the northern Ulu Peninsula (Kavan
et al., 2018). Prevailing south-southwestern wind directions are deviated by up to 90°
as a result of comparatively large-scale topography (for example, in the San Jose Pass,
or near to Triangular Glacier). In a similar way, the wind direction varies around the
boulders, especially where the boulders are clustered in a small area, which therefore
affects the airflow direction between them. The direction from which the material is
transported by wind in the Abernethy Flats corresponds well (> = 0.55; p < 0.01) with
prevailing wind direction (Fig. 6).

The most common fraction in the sorted rim around the hyaloclastite breccia boulders
is fine sand (0.063-0.250 mm). This fraction is most easily entrained by wind, as it is not as

Figure 9. Periglacial-aeolian landsystem evolution. Hyaloclastite breccia boulder during the
summer with the remnants of an oval-shaped snow accumulation (A), large snow accumulation
with standing person for scale (B), detail of wind-blown sand on the surface of the snow (C), detail
of ground sorting around the boulder (D), vegetation cover in the proximity of the boulder (E).
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electrostatically and molecularly cohesive as clay or silt particles, but is still light enough
compared to coarser fractions to be entrained and transported by the wind in suspension.
Saltation induced by bombardment of already wind-transported particles, represents the
other important process of sand grain entrainment by the wind (Thomas, 1997).

The limiting factors of aeolian sediment transport are usually sediment supply,
to a lesser extent wind speed (Lancaster, 2002), and also surface moisture (McKenna
Neuman, 2004; Wiggs, 2004). Surface moisture was reported as an important factor
limiting the amount of fine-grained material entrainment by wind and its subsequent
transport on James Ross Island, with a higher probability of aeolian transport at the
end of summer season when surface moisture is at its minimum (Kavan et al., 2018).
Accumulation of snow as a result of the presence of boulders, plays an important role
in the subsequent deposition of fine sandy material on the windward and lee sides of the
boulders. The adhesion of a wet surface of snow (or later melt-water) is certainly greater
than of the surrounding relatively dry surface, thus leading to higher accumulation rates
on snow surfaces (Fig. 9).

Apart from the depositional processes on the windward and lee side of boulders,
the effect of melting snow on local microecosystems is directly connected to the boulder
surface and its immediate vicinity (Fig. 9). The boulders are often inhabited by lichens
or algal/cyanobacterial crusts where conditions are favourable and the communities are
protected from the wind (Balks and O"Neill,2016). Also, ground moisture is substantially
higher on the windward and lee sides of the boulders, as a result of meltwater originating
from the accumulated snow. This results in a greater abundance of mosses and lichens,
and presumably also algae and cyanobacteria. This localised nature of colonisation
resembles colonisation around seal carcasses that are spread around the ice-free area of
Ulu Peninsula (Nyvlt ez al., 2016).

5.3. Meso-scale periglacial-aeolian landsystem around the hyaloclastite breccia
boulders

The origin of specific meso-scale landsystems driven by periglacial and aeolian
processes that evolved around the boulders of hyaloclastite breccia, can be presented in
a three-step development model (Fig. 10).

a) Hyaloclastite breccia boulder train deposition. The boulders were transported
to their present position by the Late-Holocene advance of Whisky Glacier
(Davies et al., 2013, 2014) and deposited when the glacier receded. The
boulders must have been supraglacially transported as the hyaloclastite breccia
would have easily disintegrated if transported subglacially or englacially. This
phase represents the only stage where glacial processes dominate the landscape
formation. Physical weathering including freeze-thaw induced disintegration
of the boulder surfaces produced coarse-grained weathering rims around the
boulders (Fig. 10).

b) Snow and sand accumulations around the breccia boulders. The hyaloclastite
breccia boulders act as natural obstacles for the prevailing south to southwestern
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winds, allowing snow to accumulate in elongated shapes around the boulders
with the echo and lee dunes being the highest (Fig. 10). Subsequently, dry winds
transporting loose material from the ice-free surface of the Abernethy Flats
(Kavan et al., in prep.) deposit fine sand on the surface of snow accumulations
(cf. Fig. 10). The snow cover around the boulders effectively insulates the

snow accumulation
fine sand accumulation

C)

B breccia boulder —>  prevailing wind direction =%  scree

]  glacier snowfall meltwater

E ground aeolian sediment flux N freeze-thaw processes

fine sand sedimentation
weathering mantle

vegetation cover

Figure 10. Three-step development model of a meso-scale periglacial and aeolian landsystem
around the hyaloclastite breccia boulder. The boulder is transported supraglacially (A), the
winter situation with snow accumulation forming on the windward side (B), the summer situation
with fine sand accumulation and vegetation cover (C).
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active layer, inducing an isothermal ground regime (Zhang et al., 2005). This
is important as snow accumulation in the flat areas of James Ross Island is
generally limited (Hrbacek ez al., 2016), and therefore isothermal ground
regimes do not widely occur.

¢) Snow melting and formation of sorted rims around breccia boulders. After the
melting of snow accumulations around the hyaloclastite breccia boulders, the
fine sand released from the snow deposits in the windward sector of the boulders
making a well-developed rim of sorted fine material (Fig. 10). This is further
enhanced by freeze-thaw processes associated with increased moisture in the
surrounding of boulders. The width and distance of the sorted rim from the
hyaloclastite boulder corresponds with the width of the boulder (represented in
our case by the measured circumference) and less importantly with the height
of the boulder (Fig. 7). Continuous melting of accumulated snow also develops
specific niches for colonisation by mosses and lichens (Fig. 10).

6. Conclusions

In this paper, a three-step development model of a meso-scale periglacial and aeolian
landsystem, which is specific for the arid to semi-arid environment within the Antarctic
Peninsula region, has been presented. The hyaloclastite breccia boulder train located in the
central part of Ulu Peninsula presents a unique opportunity to study periglacial and aeolian
processes at a micro- to meso-scale. The hundreds of large and small boulders, forming a
5-km long belt, mainly act as obstacles to the prevailing wind, causing snow to accumulate
in dune-like drifts on their windward and lee sides. Normally, the snow is blown away
from the flat surfaces of James Ross Island, and limited snow thickness has generally been
observed on such surfaces. The snow accumulations are well-developed in the south to
southwestern sector of the boulders, aligned with the direction of the snow-bringing winds
that come during the winter. The presence of snow significantly affects the thermal and
hydric regime of the underlying permafrost and active layer. Thick layers of snow decrease
the ground temperature and increase the number of isothermal days, while the number
of freeze-thaw cycles is reduced. The adhesive surface of snow also acts as a trap for the
particles of wind-blown fine sand, producing fine-grained rims around the windward and
lee sides of the boulders. Water content of the ground is often a limiting factor for biota
development in the otherwise semi-arid climate of James Ross Island. Meltwater from
the accumulated snow presents a unique source of moisture, and enables moss and lichen
colonization in the vicinity of the boulders. The hyaloclastite breccia boulders can therefore
be considered a significant agent for the creation of localised favourable biotic conditions.
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ARTICLE INFO ABSTRACT

Keywords: Ground surface temperature (GST) and active layer thickness (ALT) are key indicators of climate change (CC) in
Active layer thickness permafrost regions, with their relationships with climate and vegetation being crucial for the understanding of
Antarctica future climate change scenarios, as well as of CC feedbacks on the carbon cycle and water balance.

Mosses Antarctic ice free-areas host simplified ecosystems with vegetation dominated by mosses and lichens, and an
Climate change I ligibl h s idi d 1 £ h
Eeosystems almost negligible anthropogenic impact, providing a good template of ecosystem responses to CC. At three

different Antarctic Conservation Biogeographical Regions (ACBR) sites in Antarctica located between 74° and
60°S, we compared barren ground and moss vegetated sites to understand and quantify the effects of climate (air
temperature and incoming radiation) and of vegetation on GST and ALT. Our data show that incoming radiation
is the most important driver of summer GST at the southernmost site, while in the other sites air temperature is
the main driver of GST. Our data indicate that there is a decoupling between ALT and summer GST, because the
highest GST values correspond with the thinnest ALT. Moreover, our data confirm the importance of the buf-
fering effect of moss vegetation on GST in Antarctica. The intensity of the effect of moss cover on GST and ALT
mainly depends on the species-specific moss water retention capacity and on their structure. These results
highlight that the correct assessment of the moss type and of its water retention can be of great importance in the
accurate modelling of ALT variation and its feedback on CC.

Soil thermal regime

1. Introduction

Ground surface temperature and active layer thickness (ALT) are the
key indicators of climate change (CC) in permafrost regions (e.g.
Romanovsky et al., 2002, Guglielmin, 2006), indeed the former is de-
termined by the energy balance of the surface and therefore reflects not
only air temperature but also radiation and the effect of the snow and
vegetation cover while the second is a seasonal response to the changes
of the former. Relationships between ALT, climate and vegetation, and
their feedbacks with CO, and CH,4 emissions and water balance changes
are crucial for the understanding of future climate change scenarios.

Despite less than 0.5% of Antarctica being ice-free, such areas in-
clude a range of very variable environments in terms of topography,
geology and, above all, climate. The ice-free areas of Antarctica occur

over a wide geographical and climatic gradient, spanning areas suf-
fering amongst the strongest trends of regional air warming in recent
decades (i.e. the Antarctic Peninsula) to areas in which air temperature
remains stable, such as Victoria Land (Turner et al., 2009, 2013).

Antarctic ice-free areas have two distinctive features with respect to
those of the Arctic, allowing their use as a template of ecosystem re-
sponses to CC: i) Antarctic vegetation is dominated by mosses and li-
chens, with only two vascular plants occurring in the Antarctic
Peninsula, providing simplified ecosystems, and ii) Antarctic ice free
areas are generally pristine, with almost negligible anthropogenic im-
pact.

With this background, a number of active layer studies have been
developed over the last 10 years in Antarctica, although a minority of
these have focused on the relationships between CC, active layer and

Abbreviations: ALT, Active Layer Thickness; GST, Ground Surface Temperature; DJF, Summer Temperature; MAM, Autumn Temperature; JJA, Winter Temperature;

SON, Spring Temperature
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Fig. 1. Location of the study sites and the reference meteorological stations.

vegetation changes. In particular, studies have addressed the role of
vegetation (e.g. Michel et al., 2012; Guglielmin et al., 2014a), snow
cover (e.g., Guglielmin et al., 2014b; Hrbacek et al., 2016; De Pablo
et al., 2017; Ferreira et al., 2017; Oliva et al., 2017) or climate control
(e.g., Guglielmin and Cannone, 2012; Lacelle et al., 2016). However, in
spite of the recent increase in scientific interest, most of these studies
were performed at a local scale, analysing only one or two study sites.
Thus there are few available publications providing a regional per-
spective on the variability of active layer properties across Antarctica or
across latitudinal transects, including different regions, such as the
Antarctic Peninsula (e.g., Bockheim et al., 2013; Wilhelm and
Bockheim, 2017), the McMurdo Dry Valleys (e.g., Adlam et al., 2010),
or general overviews of the whole continent (e.g., Vieira et al., 2010;
Hrbéacek et al., 2019).

Mosses are an important component of the cryptogamic Antarctic
tundra vegetation occurring in ice-free areas in Antarctica (Convey,
2017). They are also an important component of Arctic vegetation,
where they are considered to play an important role in critical tundra
ecosystem processes involved in water and energy exchange, as they
exert a strong insulating effect on soil temperature (Blok et al., 2011;
Soudzilovskaia et al., 2013). Laboratory experiments indicate that
mosses may exert strong controls on understory water and heat fluxes,
with impacts on permafrost thaw (Blok et al., 2011). In particular,
bryophyte functional traits relating to water economy strategies are
crucial (Blok et al., 2011; Soudzilovskaia et al., 2013) because species

may differ considerably in water retention capacity (Elumeeva et al.,
2011). Therefore, important traits of moss include water content at field
capacity, volume and density (mg cm->) of water saturated and oven-
dried patches (Elumeeva et al., 2011). Indeed, field moisture content
may affect bryophyte thermal conductivity (Soudzilovskaia et al.,
2013).

Some field studies on Antarctic mosses suggest that the control ex-
erted by mosses on soil temperature differs between moss species and
their ecological requirements (e.g., Cannone et al., 2006; Cannone and
Guglielmin, 2009). On the other hand, field and laboratory experiments
on sub-Arctic mosses suggest that moss control was not defined at the
species level but rather depended mainly on the thickness (and density)
of the moss mat and its moisture content (e.g., Soudzilovskaia et al.,
2013). Therefore, despite the insulating effect of moss being widely
recognized, the buffering effect of different moss species on soil tem-
perature still needs further investigation. Moreover, despite a net
cooling effect of mosses on soil temperature observed in different en-
vironments, ranging from tundra to boreal forest (e.g. Cannone and
Guglielmin, 2009; Blok et al., 2011; Guglielmin et al., 2012; Fisher
et al., 2016), Soudzilovskaia et al. (2013) reported that mosses did not
influence the mean soil temperature, but only reduced the amplitude of
soil temperature fluctuations and freeze-thaw cycle frequency. These
data highlight the discrepancies deriving from comparisons of labora-
tory or model predictions with the results of in situ observations, re-
vealing biases (e.g. Park et al., 2018). Future changes in moss or
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vegetation cover triggered by climate change may have important
consequences for permafrost thaw and concomitant soil carbon release
in Arctic tundra ecosystems (Blok et al., 2011). Therefore, it is ex-
tremely important to provide a quantitative assessment of moss influ-
ence on soil temperature and ALT, and include it in models focusing on
the impacts of climate warming in permafrost regions (e.g. Porada
et al., 2016, 2017; Park et al., 2018).

Antarctic ice-free regions are ideal for analysing the effect of mosses
on ground temperature and ALT, while quantifying changes in this in-
fluence across gradients characterized by different climate change
magnitude and direction.

In this study we took a comparative approach across a wide geo-
graphic region, encompassing three different biogeographic regions of
Antarctica (Ochyra et al., 2008; Convey, 2017): i) Victoria Land (con-
tinental Antarctica), where the southernmost extensive moss vegetation
development is found at Edmonson Point (74°S); ii) the north-eastern
tip of the Antarctic Peninsula at Cape Lachman (James Ross Island,
63°S); iii) the northern part of the maritime Antarctic (Signy Island,
60°S). Moreover, these sites also correspond to three different Antarctic
Conservation Biogeografical Regions (ACBR) (Terauds et al., 2012;
Terauds and Lee, 2016).

Here we aim to evaluate:

i) the ground surface temperature (GST) and ALT across the geo-
graphic and climatic range, hypothesizing that the main climatic
drivers of GST may change among the different ACBR, while ALT
was influenced also by other surface factors (including vegetation);

ii) how different moss species affect the GST and ALT under natural
field conditions, hypothesizing that mosses decrease the mean GST
with respect to barren grounds, and that their buffering effect is
species specific and depends on specific traits including moss den-
sity, water content (minimum vs maximum).

2. Study area

The study sites are located between latitudes 74°S and 60°S (Fig. 1)
in three contrasting climatic regions and different biogeographic re-
gions (Ochyra et al., 2008; Terauds et al., 2012; Terauds and Lee, 2016;
Convey, 2017) and can be used as templates of their respective ACBR
that, from South to North, are: North Victoria Land (Edmonson Point,
74°S); North-East Antarctic peninsula (James Ross Island, 63°S) and
South Orkneys Islands (Signy Island, 60°S).

2.1. Edmonson Point

Edmonson Point is located in continental Antarctica, in the North
Victoria Land ACBR. The climate is cold polar continental with MAAT
around —16 °C (Cannone and Guglielmin, 2009). The precipitation, as
snow, is estimated to be 100-200 mm water equivalent (Bromwich
et al., 2011). The ice free area of about 1.8 km? is formed by rock
outcrops, debris and alluvial deposits of volcanic origin (Cannone,
2006) with continuous permafrost where ALT ranges between 40 and
50 cm (Cannone and Guglielmin, 2009). The vegetation of Victoria
Land is the Antarctic non-vascular cryptogamic tundra, which is com-
posed exclusively of mosses and lichens, includes the lowest number of
species compared to the other two study sites (Cannone and Seppelt,
2008).

2.2. James Ross Island

This is the largest island in the North-East Antarctic Peninsula
ACBR. The study site is located at Cape Lachman, which is the north-
eastern tip of James Ross Island. The climate is semi-arid polar con-
tinental with MAAT around —7 °C (Hrbacek et al., 2019). Annual
precipitation is estimated between 200 and 500 mm water equivalent,
largely as snow during the winter (van Lipzig et al., 2004). The
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lithologies of the study site are weathered vesicular agglomerate and
scoria (Mlcoch et al., 2018). Permafrost is continuous with an ALT from
50 to 125 cm (Hrbacek et al., 2017a). The vegetation is composed of the
non-vascular cryptogamic tundra vegetation similarly to that of Signy
Island, although with fewer species of mosses and lichens.

2.3. Signy Island

Signy Island (South Orkney Islands) is located in northern maritime
Antarctica, south of Coronation Island, which is the largest island in the
archipelago. It lies in the South Orkney Islands ACBR. The MAAT in
Signy Island is around —3.5 °C with precipitation of about 400 mm
formed primarily by summer rain (Cannone et al., 2017). The ice-free
area of the island covers about 10 km? and it is composed by bedrock of
quartz-mica-schist, morainic deposits, scree slopes, beaches and alluvial
deposits (Matthews and Maling, 1967). Permafrost is continuous with
an ALT variable between 40 cm to > 3 m (Guglielmin et al., 2008;
Guglielmin and Cannone, 2012). The vegetation includes both the
Antarctic vascular herb tundra, (with the occurrence of the two native
vascular plant species, Deschampsia antarctica Desv. and Colobanthus
quitensis Bartl) and of the Antarctic non-vascular cryptogam tundra,
dominated by mosses and lichens.

3. Material and methods

The study sites in each ACBR were selected in order to have com-
parable conditions with respect to altitude, topography, and distance
from the sea (Table 1).

All the monitored plots are located on almost flat areas (3-5°) and
the vegetation of the sites was dominated by different species of mosses,
with coverage greater than 90% at all sites (Table 1, Fig. 2), and dif-
ferent thickness (between 1 cm at Edmonson Point to 5 cm at Signy
Island) (Table 1). In the close vicinity of each moss site, a control site
for the ground temperature measurement was installed in bare ground
conditions.

In detail, the monitored plots are flat areas characterized by basalt
regolith on bare ground plot and alluvial deposits composed almost
completely by basalt clasts at Edmonson Point, while at James Ross
Island are on flat terrace composed by debris derived by the vesicular
agglomerate and scoria, and at Signy on a flat area characterised by thin
glacial deposits.

Air temperature was measured between 160 and 200 cm above the
ground surface into the radiation protective shield. Ground surface
temperature (GST) was measured at 2 cm depth both in moss-covered
and bare-ground areas and, additionally, across profiles with depth
which varied from 20 to 250 cm. Both air and ground temperatures
were measured with thermometers (accuracy of = 0.1 to += 0.2 °C)
(Table 2). Incoming radiation was also measured at each location
(Table 2). All data were recorded every 60 min along two complete
hydrological years (1st March 2015-28th February 2017).

The raw data were used for the calculation of mean daily values of
temperature and incoming radiation, and the assessment of daily
maximum and minimum temperatures, which were used to compute
the daily amplitude. Mean daily values were further used for the cal-
culation of the mean seasonal temperature and incoming radiation
(autumn - MAM, winter - JJA, spring - SON, summer - DJF) and the
annual temperatures for the period March to February. The mean
monthly air temperatures over the period 1997 to 2016 were obtained
from the closest permanent meteorological stations located in the vi-
cinity to our study sites. In particular, data from Orcadas and Marambio
were extracted from the READER database (https://legacy.bas.ac.uk/
met/READER/data.html), and data from Eneide were obtained from the
MeteoClimatological Observatory of PNRA (www.climantartide.it).

Air and near surface ground thermal indices were calculated based
on mean daily temperatures following the protocol described by
Guglielmin et al. (2008), and widely used in other studies in the
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Table 1

Topographical and climatic characteristics of the sites and lithological and vegetational characteristics of the monitored plots.

Study site Moss thermal

Average

Dominated vegetation

Lithology

Precipitation (mm Slope (*) Aspect (°)

Elevation(m Distance from MAAT (°C)
sea (m)

a.s.l.)

Coordinates

Site

Conductivity (W m ™!

K™Y

coverage

vegetation
thickness

0.359-0.455

90%

1 cm

Schistidium antarctici

Alluvial deposits*
Basalt regolith

90

500 -14 100-200

40*

74°20” S

Edmonson

50"
50

165°08'W
63° 47'S
57° 47W

Point
James Ross

0.438-0.478
0.45-0.516

100%

2 cm

Debris (derived by scoria  Distichium inclinatum

and vesicular
agglomerate)

135

200-500

200

(dominant), Hypnum

revolutum,

Island

0.389-0.523
0.363-0.496

cm 100%

5

Chorisodontium aciphyllum,

Sanionia uncinata

Glacial deposit

340

400

60°43’S 85 200

Signy Island

45°38'W

* Moss site.

** Bare ground site.
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Antarctic Peninsula region (e.g. Michel et al., 2012; Hrbacek et al.,
2016; Oliva et al., 2017), hence allowing to generate data comparable
with other studies. For each year we calculated: a) the thawing degree
days (TDD) as a sum of positive daily mean air (TDD,) and ground
temperature (TDDg), b) the freezing degree days (FDD) as a sum of
negative daily mean air (FDD,) and ground temperature (FDDg-), and
c) the thawing (n,) and freezing (ng) n-factors calculated as the ratio
between TDD and FDD of the air and ground, respectively.

Lacking snow thickness data in all the sites some GST elaborations
were used to estimate the effect of snow. In particular the previous
literature (e.g. Gadek and Leszkiewicz, 2010; Gubler et al., 2011;
Schmid et al., 2012) was taken account and adapted to the Antarctic
conditions. In detail, we consider as proxies for the days in which snow
occurs the following conditions:

I) days in which the GST is around 0 °C ( = 0.2 °C = ISTD): as it
suggests melting/freezing at the surface;

II) among the days in which the GSTis < 0 °C (GST®): when GST° is
lower than air temperature it is due to the cooling effect of snow
(please note that this effect has been documented only with a thin
snow cover, e.g, Gubler et al.,, 2011; Guglielmin et al., 2014a,
2014b)

III) among the days in which the GST is < 0 °C (GST®): when the
incoming radiation is negligible (< 20 W m~2) and GST? is warmer
than the air temperature (GST® > AT*), the snow exerts a
warming effect because its thickness is enough to insulate the
ground from air temperature.

It is important to remind that when radiation exceeds 20 W m ™2
and GST? is warmer than the air temperature, it is not possible to say if
this is due to the insulating effect of the snow or to the radiation
heating. In addition, the seasonal development of the depth of the
permafrost table (0 °C isotherm) was calculated according to the best
fitting curve between the deepest sensors with positive temperature and
the next deeper sensor with negative temperature (Hrbacek et al.,
2017a).

Laboratory analyses were carried out to quantify for each single
moss species (Chorisodontium aciphyllum (Hook. f. & Wils.) Broth., CA;
Distichium inclinatum (Hedw.) Bruch, Schimp. & W.Guembel, DI;
Hypnum revolutum (Mitt.) Lindb., HR; Schistidium antarctici (Cardot) L.I.
Savicz & Smirnova, SA; Sanionia uncinata (Hedw.) Loeske, SU) the fol-
lowing functional traits (according to Elumeeva et al., 2011): moss
density, minimum and maximum water retention capacity. The thermal
conductivity of dry moss as well as of mosses with different water re-
tention capacity (minimum and maximum) have been calculated ac-
cording to Williams and Smith (1989).

Moreover, we applied the Stefan equation (Nelson et al., 1997),
used to simulate the ALT of soils with the different moss species as-
suming that the thickness of the moss was infinite and compare the
result with the ALT effectively estimated in situ as maximum depth of
0 °C isotherm.

Stefan Equation ALT = /2 * K IT/Q

where ALT is the active layer thickness, K is the thermal conductivity of
the unfrozen bryophyte, IT is the thawing index for the analysed sur-
faces, Q is the volumetric latent heat of fusion, which is given by the
following equation:

Q=LXDXW

where L is the latent heat of ice, D is the dry moss density, and W is the
total moisture content.

As water content changes largely influence the bryophyte thermal
conductivity, the equations were computed twice for each bryophyte
species: i) with minimum water content; ii) with maximum water
content.
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Fig. 2. Detailed images of the moss and bare ground study sites at Signy Island, James Ross Island and Edmonson Point.

4. Results
4.1. Climate

The two studied years were representative of the average climatic
conditions of the selected sites in the last two decades, considering the
monthly means of the air temperature of the available closest automatic
weather stations (AWS) (Fig. 3).

4.1.1. Edmonson Point
The mean annual air temperature at Edmonson Point was —16.6 °C
in 2015/16 and —16.4 °C in 2016/17. Summer was the warmest period

Table 2
Technical specification of the measurement sensors.

in both seasons, with mean temperatures —2.3 °C and —2.0 °C during
2015/16 and 2016/17, respectively (Fig. 4a, Table 3). The lowest mean
air temperatures occurred during the winter, as low as —27.2 °C in
2016/17 (Fig. 4a, Table 3). Mean incoming radiation was similar
during both seasons (slightly higher in 2015/16, 102.7 W m ™~ ?) (Fig. 5).
The maxima during the summer reached 240.2 to 244.7 W m ™2, while
during the winter incoming radiation was zero for 85 days between
early May and early August (Fig. 5, Table 3).

4.1.2. James Ross Island
On James Ross Island, mean annual air temperature was —7.2 °C in
2015/16, while 2016/17 was warmer at —4.3 °C (Fig. 4b, Table 3). The

Site Air temperature Profile depth/sensor numbers Temperature sensor accuracy Manufacture Incoming radiation

Edmonson Point 160 cm 100 cm/5 *+0.2°C Onset S-LIB sensor

James Ross Island 200 cm 50 cm/6 +0.15°C EMS Brno EMS11 sensor

Signy Island 160 cm 20* cm/2 *0.1°C Campbell Kipp & Zonen CNR1
250" cm/9

* Moss site.
** Bare ground site.
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Fig. 3. Monthly mean air temperatures between 1996 and 2016 in the three closest automatic weather stations available for the three study sites, respectively Eneide
for Edmonson Point; Marambio for James Ross Island and Orcadas for Signy Island (see the locations of the AWS and the sites in Fig. 1a).

summers reached +0.2 °C in the former and —0.5 °C in the latter year,
while the coldest mean temperatures were —15.5 °C during winter in
2015/16 (Fig. 4b, Table 3). Mean incoming radiation was higher during
2015/16 at 116.6 W m ™%, while maxima were recorded during the
summer (229.4 and 206.7 W m~?) and, as expected, minima during the
winter months (16.1 and 16.2 W m ™~ 2) (Fig. 5, Table 3).

4.1.3. Signy Island

Signy Island is the warmest and most northern of the three sites,
with mean annual air temperatures —4.2 °C and —3.4 °C in 2015/16
and 2016/17, respectively (Fig. 4c, Table 3). The difference between
mean summer and winter temperatures was lower, with winter tem-
peratures dropping to —8.5 °C and rising to + 0.4 °C during the
summer in 2016/17 (Fig. 4c, Table 3). Mean incoming radiation, in
contrast, was the lowest of the three sites, with only 78.3 W m~2in
2016/17. Signy Island received maximum incoming radiation during
the summer (140.9 and 140.8 W m~?) and minimum during the winter
(21.7 and 20.8 W m ™ 2), but the difference between summer and winter
was less pronounced than on James Ross Island or Edmonson Point
(Fig. 5, Table 3).

Comparing the sites, as expected the southernmost location
(Edmonson Point) experienced the coldest annual, summer and winter
mean air temperatures (Table 3; Fig. 4), while the northernmost loca-
tion (Signy Island) presented a closely similar summer mean and, in
2016/17, was colder than the intermediate location (James Ross Is-
land). Inter-annual variability was higher for James Ross Island (espe-
cially during the winter) than the other two sites.

All three sites recorded large, sudden and short-lived fluctuations in
air temperature in the middle of the dark winter period, even reaching
positive values, likely due to the occurrence of the episodes known as
“coreless winter” (Van Loon, 1967; King and Turner, 1997; Guglielmin
and Dramis, 1997; Guglielmin and Cannone, 2012) mainly due to cy-
clonic circulation coming from the sea. While these episodes initiated at
temperatures above —20 °C at James Ross Island and Signy Island
(Fig. 4), at Edmonson Point they initiated from lower temperatures and
were less frequent. At all sites these fluctuations were of similar am-
plitude.

Mean incoming radiation during the summer (DJF) showed an op-
posite trend, with the lowest mean values at the lowest latitude site
(Signy), roughly 50% of that recorded at Edmonson Point (Table 3,
Fig. 5).

4.2. Ground surface temperature (GST) and ALT

4.2.1. Edmonson Point

The mean annual GST was —13.5 °C in 2015/16 and —14.7 °C in
2016/17 for the bare ground site, and slightly cooler in the moss site
showing an insulating effect respect to air temperature (—14.6 °C and
—15.8 °C in 2015/16 and 2016/17, respectively) (Table 3). The sea-
sonal GST exhibited greater differences (up to 6.9 °C) during the
summer, when the bare GST reached up to 5.3 °C versus —1.6 °C under
the mosses. During the winter, the mean GST dropped to —29.2 °C for
bare ground and —25.5 °C under mosses (Fig. 4a, Table 3).

The effect of moss cover was appreciable mainly during the summer
season, when the TDDg of the moss covered site was 3-5 times lower
than that measured in bare ground, both in 2015/16 and in 2016/17
(Table 4). During the winter these differences were minimal, as testified
by the similar FDDg between bare ground and moss sites (differ-
ences = 10%) (Table 4). The buffering effect of moss vegetation was
also confirmed by the n, values (Table 4).

Lacking direct measurements, the role of the snow has been esti-
mated through the GST analyses. Table 5 showed that less than one
third of the summer days (DJF) are still snow covered. On the contrary
during the spring more than 20 days are snow free, having GST higher
than 0 °C. Moreover, the days with snow cooling effect (GST® < AT)
are more frequent than those with the snow warming effect
(GST® > AT*).

The active layer initial thawing was delayed by 39 days (2015/16)
and 43 days (2016/17) at the moss site (Fig. 6) with respect to the bare
ground. The maximum ALT was recorded in mid-January and reached
40 cm (2015/16) and 36 cm (2016/17) in bare ground, while it was
thinner, reaching 36 cm (2015/16) and 23 cm, at the moss site, with a
slight delay of ca. 7 days. The refreezing of the active layer occurred
around the same date in both bare and moss covered ground in 2015/
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Annual and seasonal averages of air temperature (AirT), ground-surface temperature (GST) at bare-ground site (BG) and moss site (M) and incoming radiation (IR) on

the study sites.

Site Parameter 2015/16 2016/17 2015/16 2016/17
MAM JJA SON DJF MAM JJA SON DJF

Edmonson Point AirT (°C) -21.2 -26.3 -16.7 -23 -19.4 —-27.2 -17.0 -2.0 —-16.6 -16.4
GST BG (°C) -19.3 -26.9 -14.1 6.2 —18.8 -29.2 -16.2 5.3 -13.5 -14.7
GST M (°C) -16.3 —22.6 —-20.9 1.2 —14.9 —25.4 —-21.4 —-1.6 —-14.6 —15.8
IR (Wm™3?) 19.8 1.2 145.1 244.7 18.5 1.1 146.9 240.2 102.7 101.7

James Ross Island AirT (°C) -5.9 -15.6 -7.6 0.2 —-4.7 -10.6 -1.4 -0.5 -7.2 —-4.3
GST BG (°C) —-4.4 -14.4 -7.1 3.7 —-4.7 -12.1 -0.5 3.1 -5.5 -35
GST M (°C) —-5.4 —-15.5 -7.9 1.8 —-5.2 —-12.4 -1.5 1.4 -6.7 —4.4
IR (Wm™?) 50.9 16.2 169.9 229.4 51.6 16.1 161.4 206.7 116.6 109.0

Signy Island AirT (°C) -3.4 -8.2 -5.2 -0.2 -4.0 -85 -1.6 0.4 -4.2 -3.4
GST BG (°C) —-2.5 -6.9 -4.1 2.1 -3.1 -7.3 -0.5 2.9 -29 —-2.0
GST M (°C) -1.7 -6.1 —4.4 0.2 -1.6 —-5.0 -1.5 0.7 -3.0 -1.8
IR (Wm™?) 44.7 21.7 137.3 140.9 38.8 20.8 112.9 140.8 86.1 78.3

16 and 6 days earlier in 2016/17 in the moss-covered ground (Fig. 6).

4.2.2. James Ross Island

The mean annual GST at this site was —5.5 °C in 2015/16 and
—3.5 °C in 2016/17 for bare ground and slightly lower for the moss-
covered site (—6.7 °C in 2015/16 and —4.4 °C in 2016/17) (Table 3).
Notably, during the winter the differences between bare ground and the
moss site were around 1.1 °C (maximum), with the former being always
colder than the latter (Fig. 4b).

The effect of moss cover was strong: the TDDg as well as the n, in the
moss site was half that measured in the bare ground, while during the
winter the difference in FDDg was similar (Table 4).

Table 5 showed that during the summer James Ross Island is the site
showing the minimum number of snow covered days (14), while snow
cooling effect here is much stronger than the warming one, recording in
2016/17 the maximum value (154 days) among all sites.

The active layer thawing of the bare ground site started 3 days
earlier than in the moss site in 2015/16, while the beginning of active
layer thawing in 2016/17 was interrupted by two short-term periods of
refreezing for the bare ground site (Fig. 6). The ALT at both bare ground
and moss sites was observed in mid-February (one month later than in
continental Antarctica), with ALT reaching 61 cm (2015/16) and 64 cm
(2016/17) in the bare ground profile, but only 50 cm the moss site in
both years (Fig. 6).

4.2.3. Signy Island
The mean annual GST values were very similar for bare and moss
ground (—2.9 vs. —3.0 °C in 2015/16 and —2.0 vs. —1.8 °C in 2016/
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17, respectively) (Fig. 4c, Table 3). The bare ground GST was higher
during the summer and lower in winter when compared to the moss
site, with the maximum difference observed during the summer
(around 2 °C). The winter at Signy Island was milder than at the other
two sites, with a mean GST around —7°C for the bare ground and
slightly warmer for moss site.

The largest buffering effect of mosses was detected in summer, with
the TDDg in the bare ground being between 4 and 8 times higher than
that recorded in moss site, again supported by the very low n; in the
moss site (0.29 and 0.55) in comparison with n; of more than 2 in the
bare ground (Table 4).

As in the two other locations, active layer thawing started 27 to
50 days earlier in the bare ground. The maximum ALT was observed in
mid-March, ca. one month later than on James Ross Island. ALT in bare
ground reached 153 cm (2015/16) and 181 cm (2016/17), while in the
moss site ALT was much less, 55 cm (2015/16) and 54 cm (2016/17).
ALT remained thawed until early-May.

Comparing the sites, the summer GST (DJF) and the TDD of the bare
ground exhibited an opposite trend respect to latitude, with the highest
values recorded at Edmonson Point, in agreement with the trend of the
incoming radiation. In moss sites the GST did not follow the same trend
of the bare ground, indeed, unexpectedly, the warmest site was James
Ross (Table 4). Moreover, differently from the bare ground, in the moss
sites the TDD did not have the same GST trend, as the warmest sites
were James Ross or Edmonson Point, depending on the selected year.

Table 5 showed that snow cover in summer is more variable at Signy
(20 days in 2015/16 and 13 days in 2016/17) than in James Ross Island
or Edmonson Point, while it is less variable during the rest of the year.
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Fig. 5. Incoming global radiation at the three study sites. The daily values was smoothed by 7 days moving average.
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Annual values of thawing (TDD) and freezing (FDD) degree days, thawing (n,) and freezing (ng) n-factor of air (A), bare ground (BG) and moss (M) and the active

layer thickness (ALT) on study sites.

Signy Island

James Ross Island

Edmonson Point

2015/16 2016/17 2015/16 2016/17 2015/16 2016/17
TDD, 101.1 168.4 206.7 249.3 17.4 10.2
TDDg BG 231.2 364.5 395.5 408.7 702.6 534.4
TDDg M 29.2 93.1 195.3 172.1 238.0 110.8
FDDA —1628.2 —1426.7 —2850.1 —1834.0 -6105.4 —-6018.5
FDDg BG —1260.5 —-1112.8 —2424.5 —~1718.0 —5665.8 —5940.2
FDDg M -1116.8 —770.3 —2664.1 —1806.6 —5164.5 —5314.0
n, BG 2.29 2.16 1.91 1.64 40.44 52.23
nM 0.29 0.55 0.95 0.69 13.70 10.83
n¢ BG 0.77 0.78 0.85 0.94 0.93 0.99
ne M 0.69 0.54 0.93 0.99 0.92 0.98
ALT BG (cm) 153 181 61 64 40 36
ALT M (cm) 55 54 50 50 37 23

Table 5 5. Discussion

Role of the snow cover on bare ground plots derivated by GST and air tem-
perature (AT). Legend: ISTD = days in which the GST daily mean is between
+0.2 and —0.2 °C independently by the air temperature; GST® = Days in
which the GST daily mean is lower than 0 °C; SSD = summer (DJF) snow days
determined by the sum of the days of ISTD and GST® during DJF; AT* = days in
which radiation is lower than 10 Wm™2; in bold between parenthesis are re-
ported the values for the winter (JJA).

Site EP15/16 EP16/17 S15/16 S16/17 JRI15/16 JRI16/17
GST > 0 91 72 103 130 95 130
GST® 273 286 247 212 257 210
ISTD 2 7 16 23 14 25

GST® < AT 109 (52) 146(65) 104(49) 105(50) 154(33) 117(61)
GST® > AT* 70(40)  48(27) 32(26) 17(11) 57(42) 14(14)
SSD 17 22 20 13 14 14

The ALT of the bare ground followed an opposite trend with lati-
tude, with the thinnest ALT recorded at the southernmost location
(Edmonson Point) and more similar ALT between this location and
James Ross.

In all moss sites ALT was thinner compared to bare grounds, with
the largest differences between moss and bare ground ALT detected in
the northernmost site.

4.3. Bryophyte functional traits, GST and ALT

The bryophyte species occurring in our study sites exhibited large
variations of their dry density (from almost 400 mgem ™3 of S. antarctici
to the 4 times less dense C. aciphyllum, Fig. 7A). Important differences
among moss species concerned also the minimum and maximum water
retention capacity, as measured in laboratory (Fig. 7B). Comparing
moss water retention capacity and their dry density, there wasn’t any
apparent relationship.

Interestingly, our data show that the intensity of the moss buffering
effect during summer (and also in spring) was not proportional to the
moss layer thickness, as the highest effect detected at Edmonson Point
corresponded to the thinnest moss layer (1 cm) (Table 3 and 4).

The simulated ALT (computed using the traits of each single species
and assuming that the moss thickness was infinite) exhibited a range of
variation for each species depending on the moss water retention ca-
pacity (Fig. 8). At all sites the ALT computed with the minimum water
content retention capacity exhibited higher similarity with the ALT
values measured in situ, allowing to hypothesize that at all sites xeric
environmental conditions prevailed. The only apparent exception was
H. revolutum at James Ross Island, but this species was not dominant in
the moss community.

5.1. Climate among different ACBRs

The data obtained in this study demonstrated, as expected, de-
creasing air temperature (annual and seasonal) with increasing latitude.
The incoming radiation exhibited the opposite trend, with the north-
ernmost site experiencing the lowest mean incoming radiation during
the summer, complicating the interpretation of the GST patterns ob-
tained. However, the patterns of incoming radiation can be easily ex-
plained. Indeed, it is well known that the prevailing westerly winds
bring a very high level of cloud cover at Signy Island, but also to the
Western Antarctic Peninsula region more generally (WAP; e,g, Thomas
et al., 2015). On the other hand, it is also known that in Victoria Land
the effect of the westerly winds is negligible. Very recently on Victoria
Land the incoming radiation variability (with a high increase between
1990 and 2012; e.g. Guglielmin et al., 2014a, 2014b) has been related
to stratospheric sulfur dioxide (Obryk et al., 2018).

Despite the lack of direct measurements of the snow cover at all
sites, the GST analyses of the bare ground shows that the role of the
snow cover is highly variable among the different sites, as well as in the
different years (Table 5). However, it seems that the cooling effect of
the snow is more important than the warming one (higher number of
GST® < AT than GST > AT* + ISTD) in all sites.

5.2. Effect of climate on GST

At Signy Island and James Ross Island permafrost is continuous,
including also areas close to the shoreline (Bockheim et al., 2013).

The selected ACBRs have great climatic differences although
summer air temperature was very similar between James Ross Island
and Signy Island, while both these sites differed from Edmonson Point
by 2.1-2.4 °C. The summer GST measured in bare ground showed an
apparent paradox, with the highest values (5.3-6.2 °C) at the south-
ernmost site (Edmonson Point) and the lowest (2.1-2.9 °C) at the
northernmost site (Signy Island), as also confirmed by the TDDg and by
the n¢ (Table 3). This apparent paradox is related to the incoming ra-
diation, as shown in Fig. 5. Indeed, at Signy Island, likely due to the
effect of the westerly winds, the radiation reached an average daily
value in the summer that was < 60% of that received at Edmonson
Point. The interannual variation (2015/16 and 2016/17) of the GST in
both sites (6.2 °C vs 5.3 °C at Edmonson Point; while 2.1 °C vs 2.9 °C at
Signy Island) is probably related to the air temperature (see Table 3),
but also to the different snow cover. Indeed, despite at each site the
incoming radiation does not show any appreciable interannual varia-
tion (Table 3), GST is higher when the summer snow days (SSD) are
lower (17 vs 22 at Edmonson Point and 20 vs 17 at Signy Island,



F. Hrbdcek, et al.

ALT (cm) - James Ross Island ALT (cm) - Edmonson Point

ALT (cm) - Signy Island

Catena 190 (2020) 104562

1-10-15 1-12-16 1-2-16 1-4-16 1-6-16 1-8-16 1-10-16 1-12-16 1-2-17

N
o

[e]
o

=y
N
(=]

-
D
o

| ! | | [ | | & _J‘ &
%o, | /
L TS %
®ecoced

1-10-15 1-12-16 1-2-16 1-4-16 1-6-16 1-8-16 1-10-16 1-12-16 1-2-17

IS
o
I

©
o
I

_\
8
|

A
8
|

20— — = m m m e e e e e e e e -

N
o

o]
(=]

-
N
o

160

1-10-15 1-12-16 1-2-16 1-4-16 1-6-16 1-8-16 1-10-16 1-12-16 1-2-17

200 — = m m e e e e o

Fig. 6. Seasonal evolution of active layer thickness at moss (green area) and bare-ground sites (grey area). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 5). GST® < AT and the GST® > AT* for the winter, as reported in

During the winter air temperature was the main driver of the GST Table 5, the cooling effect of the snow on the ground surface is clearly
(Table 6), as testified by the FDD, the n; and the winter mean GST prevalent at Edmonson Point in both years. Indeed, in both cases the
(Table 3 and 4), because the net effect of snow cover was not pro- GST is lower than the air temperature, with the greatest cooling oc-
nounced, and was also variable between years. Considering the curring in the season 2016/17 when the GST of the bare ground was

10
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Fig. 7. (A) Density of the investigated moss species (g cm ™) compared with,
(B) the water content (minimum, maximum) (%) of the investigated moss
species. Legend: SA = S. antarctici; DI = D. inclinatum; HR = H. revolutum;
CA = C. aciphyllum; SU = S. uncinata; EP = Edmonson Point; JR = James Ross
Island; SI = Signy Island.
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2 °C lower than the air. Moreover, the days in which GST® < AT were
65, while in the previous season (2015/16) the GST was lower only of
0.6 °C and the days with GST® < AT were 52.

Also at James Ross Island in 2016/2017 the winter GST of the bare
ground resulted 1.5 °C lower than the air temperature: also in this case

Catena 190 (2020) 104562

Table 6

Relationship between mean daily ground temperature at bare ground sites (BG)
and moss sites (M) with mean daily air temperature (AirT) and incoming ra-
diation (IR).

Site MAM JJIA SON DJF
AirT IR AirT IR AirT GR AirT IR
Edmonson Point BG 0.89 078 076 - 095 092 0.78 0.90
M 077 081 017 - 090 093 056 0.13
James Ross Island BG 0.76 0.54 0.75 - 078 0.54 0.76 0.63
M 073 055 076 - 076 052 0.74 0.47
Signy Island BG 090 048 071 - 083 020 0.63 0.09
M 067 054 022 - 0.64 018 070 -0.22

it is possible to see how the GST® < AT were almost the double of the
previous season. This cooling effect was already described in Antarctica
for Rothera area by Guglielmin et al. (2014b), comparing snow thick-
ness measurements and GST. Although continuous data documenting
snow conditions are not available for all three sites, snow thickness
rarely exceeds 30 cm, and is generally thinner than 10 cm (e.g. as de-
monstrated by similar values of snow and n¢ by Smith and Riseborough
(2002) in the Arctic) or even less, allowing the net cooling of the
ground surface.

5.3. Moss effect on GST and on active layer

Our data confirm the buffering effect of moss cover resulting in a
GST cooling during summer (Fig. 4, Table 3), which was observed at all
study sites in both years. This is in agreement with other studies in the
Arctic and sub-Arctic, as well as in Antarctic locations (e.g., Gornall
et al., 2007; Cannone and Guglielmin 2009; Blok et al., 2011; Turetsky
et al., 2012; Almeida et al., 2014). The cooling effect of moss cover in
summer was more pronounced in the southernmost location (Edmonson
Point), where it decreased the mean soil temperature by 5.0-6.9 °C,
while in the other two sites the cooling effect on GST was limited to
1.7-2.2 °C. Our data confirm the observations of Gornall et al. (2007)
showing in the high Arctic that mosses had an immediate impact on soil
temperature in terms of both average temperatures and amplitude of

Bryophytes species and ALT Fig. 8. Comparison of measured ALT (colored
100 " " T " " " " " " T " " " : , boxes: blue = Edmonson Point; pink = James
Ross Island; green = Signy Island) and calcu-
90 i lated ALT according to the Stefan equation for
the different bryophytes species with minimum
and maximum bryophyte water content. Legend:
80 SA = S. antarctici; CA = C. aciphyllum; SU = §.
E uncinata; DI = D. inclinatum; HR = H. revolutum.
S 70 1 (For interpretation of the references to colour in
9 this figure legend, the reader is referred to the
@ 60 1 web version of this article.)
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fluctuations. However, our data contradict those of Soudzilovskaia et al.
(2013) who reported that mosses reduced only soil temperature fluc-
tuations, but not mean soil temperature. Our data confirm that even a
thin moss cover (1 c¢m) is able to influence the GST on a seasonal level
(Table 1).

We observed a similar cooling effect of moss cover during spring
(Table 3), with the same patterns across study sites, although the in-
tensity of cooling was reduced to ca. 1 °C at James Ross Island and
Signy Island compared to the summer season. As highlighted in the
results, unexpectedly, we show that the intensity of the moss buffering
effect during summer (and also in spring) was not proportional to the
moss layer thickness. A potential explanation of this evidence could be
related to the minimum moss water retention, which is characterized by
the lowest values for S. antarctici (occurring at Edmonson Point)
(Fig. 7B). Indeed, it is known that the insulating capacity of mosses
increases when they are dry (O’Donnell et al., 2009; Blok et al., 2011;
Turetsky et al., 2012). The lowest water retention exhibited by S. ant-
arctici could depend on its highest density (compared to the other moss
species) (Fig. 7A) allowing to retain a lower amount of water compared
to the other species. The wetter conditions normally recorded during
the summer in maritime Antarctica than in continental Antarctica are
further enhanced by occurrence of liquid precipitation, increasing the
moisture content of both soils and mosses and decreasing the insulating
capacity of the latter.

The buffering effect of moss cover includes also a warming of soil
temperature during winter (e.g. Park et al., 2018), but we observed this
pattern only at Edmonson Point and Signy Island, while at James Ross
Island the moss soil was cooler than the bare ground both during winter
as well as in autumn (Table 3). The winter warming in the moss sites at
Edmonson Point and Signy Island could be also due to the snow cover
that is slightly thicker where mosses occurred (data not shown). In the
case of James Ross Island the results of n¢ (Table 4) and correlation
analysis (Table 6) suggest that the low effect of snow cover and the
cooler GST recorded at the moss site could be related to an extremely
thin snow cover, not enough to insulate the ground. Indeed, when short
wave radiation is minimum, a thin snow cover (< 2 cm) can exceed the
balance of the long wave radiation, as reported at Rothera in the
western Antarctic Peninsula (e.g. Guglielmin et al., 2014b). The higher
emissivity of snow cover than snow free surfaces (0.96-0.98 vs
0.91-0.92 according to Zhang, 2005) results in a surface cooling with
respect to air temperature, as observed at James Ross Island. Therefore,
the patterns of winter GST at James Ross Island likely are not influ-
enced by the moss cover but, rather, by the thin snow cover causing its
cooling.

The more pronounced warming effect detected at Edmonson Point
than at Signy Island both in winter and autumn (Table 3), despite the
thinner moss layer of the former, could be explained again by the dif-
ferent moss hydration characteristics (and density). A less dense and
wet moss (such as C. aciphyllum) can freeze more easily than a dry and
dense moss (such as S. antarctici), thus increasing its thermal con-
ductivity (Burn and Smith, 1988) and decreasing its insulation effect
(Porada et al., 2016, 2017; Park et al., 2018). Therefore, the higher
water retention measured for the mosses at Signy Island (Fig. 7B)
suggest a higher thermal conductivity in autumn and winter, resulting
in a lower moss buffering effect than at Edmonson Point, despite the
fivefold greater thickness of mosses at Signy Island.

One of the most important traits involved in heat transfer processes
and, hence, potentially able to provide a physical explanation of the
observed ALT differences, is the water retention capacity of mosses,
because field moisture content may affect bryophyte thermal con-
ductivity (Soudzilovskaia et al., 2013). Our data show that, when
comparing the simulated ALT of moss sites with the ALT estimated in
situ, the highest similarity was provided when the simulation was per-
formed using the minimum water retention capacity of each moss
species (Fig. 8). At all three sites we observed an ALT reduction in moss
sites in comparison with bare ground, consistent with other reports
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Table 7

Textural ground characteristics and mean water content: BG = barren ground
plot; M = mosses plot; JRI = James Ross; ED = Edmonson Point; S = Signy
Island.

Site BG-JRI BG-ED BG-S M-JRI M-ED M-S
sand 70 95.8 92.5 61.6 80.5 97.9
silt 21.2 4.2 6 23.5 17.6 2
clay 8.1 0 1.5 13.8 1.9 0.1
water 20 16 11.3 50 27.6 27.1

from Arctic, sub-Arctic and Antarctic locations (Cannone et al., 2006;
Guglielmin et al., 2008; Guglielmin and Cannone, 2012).

Differently from what reported by Fisher et al. (2016) and Park et al.
(2018) we observed that at our sites the ALT decrease was not pro-
portional to the moss thickness. The decoupling between the moss
thickness and ALT reduction it is not only due to the moss thermal
properties but also to the thermal properties of the soils below the
mosses. Considering the grain size characteristics and the water content
for the different soils reported in Table 7, it is possible to see that the
grain size is approximately the same for the bare ground and the moss
covered soils both at Signy Island and James Ross Island, although the
water content is higher under the moss site especially at James Ross
Island (50% vs 20%). At Edmonson Point the soil under the moss is
richer in silt and in water than the coarser regolith of the bare ground.

Therefore, the water retention capacity and the amount of water
occurring in the field apparently may play a more important role than
canopy thickness and/or architecture in determining the amount of the
buffering effect exerted by each moss species.

5.4. Active layer thickness of bare grounds

Normally the ALT is related to the summer GST (e.g. Guglielmin,
2006), although the thermal properties of the ground (e.g. water/ice
content; organic matter content, quartz content) can significantly affect
the maximum thawing (e.g. Williams and Smith, 1989). However, our
data show a clear decoupling between summer GST and ALT when
comparing the different study sites. The minimum ALT of 36-40 cm was
observed at Edmonson Point, where maximum summer GST was
reached. In contrast, about 4 times deeper ALT was found on Signy
Island where the GST was 2.4 to 4.1 °C lower. Considering Table 7, the
grain size of the sediments at Edmonson Point and Signy are very si-
milar and the water content too is not so different (< 5% of difference).
James Ross Island is more different because the clay content is not ir-
relevant (8.1%), and both the silt and the water are higher than in the
other sites. The slight differences of sediment characteristics between
Edmonson Point and Signy can’t explain the observed huge difference
in ALT. However, it is likely that the much lower winter and annual
ground temperatures at Edmonson Point require a greater amount of
energy during the summer to achieve deeper ground thawing.

The variability in ALT at local scale can be strongly affected by the
lithology (e.g. Hrbacek et al., 2017b). This is consistent with observa-
tions from separate locations close to two of the study areas, which
showed that ALT could reach more than 100 cm on James Ross Island
(Hrbéacek et al., 2017a), and more than 75 cm in the Victoria Land
region (e.g. Bockheim et al., 2007; Adlam et al., 2010; Guglielmin et al.,
2014b). Similar observations have not been reported on Signy Island,
where the only relevant study documenting large variability in ALT
between two bare-ground sites inferred that this was related to different
snow cover characteristics (Guglielmin et al., 2012).

Generally, the ALT values observed under bare ground conditions
reached average values typical of large part of James Ross Island (e.g.;
Hrbacek et al., 2017a, 2017b) and of Victoria Land region (e.g.
Bockheim et al., 2007; Adlam et al., 2010; Guglielmin et al., 2014b).
ALT at the bare ground site studied here on Signy Island was one of the
highest values recorded across Antarctica when considering only bare
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ground sites (e.g. Vieira et al., 2010; Bockheim et al., 2013; Hrbacek
et al., 2019). The only significantly greater ALTs recorded in Antarctica
have been in solid bedrock (e.g. Vieira et al., 2010; Guglielmin et al.,
2011; Bockheim et al., 2013).

6. Conclusion

Among the three contrasting study locations between 74 and 60°S
our data emphasize the role of incoming radiation, being the most
important driver of summer GST of barren ground surfaces at the
southernmost site, and explaining the apparent paradox that the highest
summer GST occurred where the lowest summer air temperature was
recorded. The cloudiness increase at the other two sites was mainly
related to the global circulation (westerly winds) at Signy Island and, to
a lesser extent, at James Ross Island, which strongly decreased the in-
coming radiation in summer. During the winter the main driver of the
barren ground GST was air temperature, although at Edmonson Point
and JRI some net cooling due to the thin snow cover was detected.

Our data confirm the importance of the buffering effect of the moss
cover in Antarctic terrestrial ecosystems. Furthermore, the intensity of
the effect of moss cover on GST and ALT mainly depends on the species-
specific moss water retention capacity (and density) and therefore by
their structure, but not its thickness. Indeed, a thin but dense and dry
moss can insulate the ground more efficiently than a thick but less
dense and wetter moss.

The data obtained emphasise that there is a decoupling between
ALT and summer GST, with the highest GST recorded at the site with
the thinnest ALT (Edmonson Point). At this site, despite a limited moss
thickness the highest buffering effect was recorded probably related to
the lowest water retention of this moss. This apparent paradox could be
a result of the buffering effect of the moss, but also by the much higher
energy required to increase the temperature where the lowest winter
ground temperatures are reached (Edmonson Point).
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1 | INTRODUCTION

| Tomas Uxa®®

Abstract

Thermal regime and thickness of the active layer respond rapidly to climate variations,
and thus they are important measures of cryosphere changes in polar environments.
We monitored air temperature and ground temperature at a depth of 5 cm and
modeled active-layer thickness using the Stefan and Kudryavtsev models at the
Abernethy Flats site, James Ross Island, Eastern Antarctic Peninsula, in the period
March 2006 to February 2016. The decadal average of air and ground temperature
was -7.3 and -6.1°C, respectively, and the average modeled active-layer thickness
reached 60 cm. Mean annual air temperature increased by 0.10°C y~* over the study
period, while mean annual ground temperature showed the opposite tendency of
-0.05°C y*. The cooling took place mainly in summer and caused thawing season
shortening and active-layer thinning of 1.6 cm y™ 1. However, these trends need to
be taken carefully because all were non-significant at p < 0.05. The Stefan and
Kudryavtsev models reproduced the active-layer thickness with mean absolute errors
of 2.6 cm (5.0%) and 3.4 cm (5.9%), respectively, which is better than in most previous

studies, making them promising tools for active-layer modeling over Antarctica.

KEYWORDS

climate change, ground physical properties, ground temperature, modeling, permafrost, validation

the 1960s,® and recently in the Antarctic Peninsula (AP) region.>” The
AP is the warmest area in Antarctica and it has been considered to be

The active layer is the top layer of the ground underlain by permafrost,
which thaws in summer and freezes again in autumn. It reacts sensi-
tively to the variability of climate parameters such as air temperature,
global radiation or snow cover, and therefore it represents one of the
key parameters of the cryosphere, which indicate climate change in
polar regions (e.g. 1), Unlike the Arctic, where permafrost areas
occupy more than 25 million km?, these environments are very rare
in Antarctica as they cover only about 32 000 km?, representing
around 0.2% of the continent.*° The active layer has been most inten-

sively investigated in Victoria Land, where research started as early as

Filip Hrbacek and Tomas Uxa contributed equally to this paper.

among the most rapidly warming regions on Earth in the second half
of the 20th century.8 However, recent studies have shown that sum-
mer air temperature has been decreasing since around 2000, which
has impacted some cryospheric components including the thermal
regime and thickness of the active layer.'®

Nonetheless, temporal analyses of the active layer state in the AP
region remain limited (e.g. >*%12) as the majority of monitoring sites
were established after the International Polar Year (IPY) 2007-
2009.*2 Moreover, most observations are made through manual prob-
ing at the Circumpolar Active Layer Monitoring - South sites or in
shallow boreholes (< 2 m) that frequently do not reach below the per-

57,13

mafrost table and, as such, they might be unrepresentative of the

Permafrost and Periglac Process. 2020;31:141-155.
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full active-layer thickness (ALT). In the latter cases, the ALT has been
mostly established as the depth of the 0°C isotherm by extrapolating
the temperature gradient determined by continuous data-logger track-
ing of maximum annual ground temperatures (e.g. 1+141%) or by one-
at-a-time probing using portable thermometers.>*¢ In particular, the
former approach has been widely used across the AP region, with only
slight modifications in the number and depth of temperature sensors
and curve-fitting methods.”"2! However, it may deviate substantially
at places where the distance between the deepest temperature sensor
and the permafrost table is large because the temperature
gradient decreases non-linearly with depth, and thus it can be very

18.20.21y requiring highly accurate measurements.

small, (e.g.
Valuable insights into the dynamics of the thermal regime and
thickness of the active layer can provide diverse thermal modeling

22.23) Beside complex numerical models that account

techniques (e.g.
for many of the processes involved in surface and subsurface energy
exchange and are capable of capturing the transient evolution of the

24-26) there also exist so-

active layer and permafrost conditions, (e.g.
called equilibrium models which can define simple climate-permafrost
relationships on an annual basis and evaluate such parameters as per-
mafrost presence or absence, mean annual ground temperature or
ALT.?? Of these models, the Stefan?” and Kudryavtsev?® equations
have been most widely used to calculate the ALT.?? Simplicity and
low requirements for input parameters have made these analytical
solutions popular, particularly in modeling ALT over larger spatial
scales or in situations where insufficient data were available to drive
more sophisticated numerical models.?>?° Despite their simplicity
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and several simplifying assumptions, which may be restricting in spe-
cific settings (e.g. 3%31), these models have been extensively validated
to provide thawing or freezing depth estimates with a reasonable

130.32-37) 'Nonetheless, they have been used

degree of accuracy (e.g.
inexplicably rarely in Antarctica (e.g. *8°°) compared to their long-term
and widespread use in polar and alpine areas of the northern
hemisphere.

In this study, we describe a 10-year period (March 2006 to Febru-
ary 2016) of air and ground surface temperature monitoring at the
Abernethy Flats site, James Ross Island (JRI), Eastern AP, and we apply
two equilibrium thermal models, the Stefan and Kudryavtsev equa-
tions, to assess the interannual variability of ALT. Our aims in bridging
the gaps in active layer and permafrost research in Antarctica are two-
fold. First, we analyse the behavior of air and ground surface temper-
ature and ALT over one decade (including the pre-IPY 2007-2009
period), which is unique within the region. Second, we use simple
modeling tools to predict the ALT, which have been used only sporad-
ically in this area before now. We further compare our results with
observations from other parts of Antarctica and general climate

patterns.

2 | REGIONAL SETTING

JRI'is ~2,600 km? in area and is located on the northeastern coast of
the AP (Figure 1). Glaciers cover about 75% of the island, but only a

few occur in its northern part, the Ulu Peninsula, where the study area
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is located.*® Deglaciation of the Ulu Peninsula started 12.9 + 1.2 ka**
and resulted in exposure of more than 300 km? of land that represents
one of the largest glacier-free areas within the AP region.*? The geol-
ogy of the Ulu Peninsula consists mostly of Neogene volcanic rocks,
which built volcanic mesas, and Cretaceous sedimentary rocks in the
lowlands, partially covered by Quaternary sediments.*®

The climate of the Ulu Peninsula has a semi-arid polar-continental
character,** with a mean annual air temperature (MAAT) around
-7.0°C at sea level near the Johann Gregor Mendel Station® and esti-
mated annual precipitation as low as 300-500 mm of water equiva-
lent* because of a rain-shadow effect caused by the mountain
ranges of the Northern AP.** Precipitation occurs largely as snow,
but high wind speeds cause intense snow drifting and very irregular,
topography-controlled snow deposition.*¢*”

The glacier-free surfaces are underlain by continuous permafrost,”
the thickness of which reaches from around 3.4 m on coastal marine
terraces to more than 67 m in lower-lying inland areas.*®4? ALT
depends strongly on local lithology, and usually ranges between
approximately 50 and 145 cm.>#?%%50 Vegetation cover is sparse

and is mostly concentrated in moist and nutrient-rich areas.*®

3 | METHODS

3.1 | Measurement setting and data processing

The study site is located in the Abernethy Flats area (63°52'53"S,
57°56'5"W; 41 m a.s.l.), which is a flat lowland of the Ulu Peninsula
with a slope of up to 5° (Figures 1 and 2). It is built of fine-grained cal-
careous sandstones and siltstones of the Alpha Member, Santa Marta

43,51

Formation, partially covered by Holocene glacigenic sedi-

4043 and it is completely vegetation-free (Figure 2).

ments,

Air temperature and ground temperature were monitored from
March 2006 to February 2016. Air temperature was measured using
an EMS33 sensor (EMS Brno) equipped with a Pt100/A resistance
temperature detector (accuracy of +0.15°C at 0°C) placed in a solar
radiation shield 2 m above the ground surface. Ground temperature
was measured with A-class Pt100/8 resistance temperature detectors
(EMS Brno; accuracy of +0.15°C at 0°C) placed directly into the
ground at depths of 5, 10, 20, 30, 40 and 50 cm, and from February
2012 also at 75 cm. All the detectors were connected to an EdgeBox
V12 data logger (EMS Brno) set to measure and record the tempera-
ture every 30 min.

Daily, monthly, seasonal and annual means of air temperature and
ground temperature at a depth of 5 cm were calculated from the half-
hour temperature data. A period from March 1 to February 28 or 29 of
the following year was set to calculate the annual means in order to
cover a 12-month period from the active-layer freezeback to the max-
imum thaw depth of the next year. Missing air and ground tempera-
ture data due to data logger malfunction in the period from
September 17, 2011 to February 6, 2012 were complemented in a
monthly or seasonal resolution using multiple regression based on

data from two equally instrumented stations located at a distance of

FIGURE 2 The Abernethy flats area (a) and a detailed photo of the
study site (b). The red triangle indicates the position of the
automatic weather station [Colour figure can be viewed at
wileyonlinelibrary.com]

5 and 7 km that have similar topography and bare surface, which
ensured high accuracy of the regression models (R? > 0.9 in all cases).
The temporal trends of selected characteristics were assessed using

the non-parametric Mann-Kendall trend test>2>3

and Sen's slope esti-
mator.>* Relations between ALT (section 3.2) and selected air and
ground temperature attributes were examined using the Pearson cor-
relation coefficient. All statistics were tested at p < 0.05.

Thawing and freezing seasons were defined based on the continu-
ous persistence of positive and negative mean daily temperatures,
respectively, at a depth of 5 cm. For air temperature, the seasons were
set to be equal to those at a depth of 5 cm. Subsequently, thawing and
freezing degree-days for air (TDD, and FDD,) and ground at a depth of
5 cm (TDDs and FDDs) were calculated as sums of all positive and neg-
ative mean daily temperatures (°C days) during the thawing and freez-
ing seasons, respectively. The degree-days were further used to
calculate the dimensionless thawing (ny) and freezing (n;) n-factors,
which summarize the energy balance between air and ground surface
at the end of the thawing and freezing seasons, respectively:>®

_ TDDs 37, Ts(i) [ Ts > 0°C]

- TDDg 3%, Tu(i) [ T4 > 0°C] W

t
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_FDDs _ 3/, Ts(i) [Ts < 0°C]
"7 FDD, 3Ty (i) [ Te < 0°C]

2

where T, and T5 are the mean daily air temperature and ground tem-
perature at a depth of 5 cm, respectively, during the thawing or freez-
ing season, and L; and L; refer to the number of days in the thawing
and freezing seasons, respectively.

Data from deeper parts of the profile were used only to determine
the temperature-based ALT (hereafter referred to as observed ALT),
which was used to validate the outputs of ALT modeling (section
3.2). It was defined as the maximum depth of the 0°C isotherm during
the particular thawing season calculated by linear interpolation
between the maximum temperature of the deepest sensor with at
least one measurement >0°C and the maximum temperature of the
shallowest sensor with all measurements <0°C. The observed ALT
was available from a very cold season 2009/10 and from the period
2012/13 to 2015/16 when the measurement profile already reached
a depth of 75 cm.

3.2 | Active-layer thickness modeling

The ALT over the period March 2006 to February 2016 was modeled
via the Stefan?” and Kudryavtsev?® models. Both models were forced
with ground temperature data from a depth of 5 cm and two sets of
time-invariant ground physical properties based on ground samples
from depths of 10 and 30 cm that were considered homogeneous
across the entire ground profile for each model run. The outputs of
the Stefan model are therefore hereafter called scenarios Sqo and
S30, While the products of the Kudryavtsev model are termed scenar-
ios K1 and Kzo.

3.2.1 | Stefan model

The Stefan model?” was applied on TDDs to predict the ALT (m) as fol-
lows:

AT =232, BTODSSF 0
L

where z5 (m) is the depth of the ground temperature measurement, k;
is the thawed thermal conductivity (W m™* K1), SF is the scaling fac-
tor of 86,400 seconds per day, and Q, is the volumetric latent heat of

fusion of water-ice (J m™3) expressed as:
Q. = Lpw (4)

where L is the specific latent heat of fusion of water-ice
(334,000 J kg™Y), p is the dry bulk density (kg m™3), and w is the
gravimetric water content (dimensionless). Because the Stefan
model tends to overestimate the ALT due to errors arising

sensible heat or due to
30,56

from disregarding low ground

temperatures at the onset of thawing, we adopted a polynomial

correction factor for ground thawing with sub-zero initial tempera-

ture (A) in Equation (3) in order to improve its performance:>¢

_ T \? Tinit _ 2
A= |1+0.1475. <K MGTSs) +0.535 StEKMGT55:| x (1 0.16S¢ + 0.0385;, )
(5)
with
C:MGTSs
te = —=— (6)
Q

[keCy

I 7
kG, (7)
where Si. is the dimensionless Stefan number, which is proportional
to the ratio of sensible heat to latent heat absorbed during

thawing,”:%8

K is a dimensionless parameter accounting for different
thermal properties of the thawed and frozen zones within the
ground profile®® Ty is the initial temperature corresponding to
the mean ground temperature across the seasonally thawing layer
at the onset of thawing (°C), MGTSs is the mean ground temperature
of the thawing season at depth z5 (°C), k¢ is the frozen thermal con-
ductivity (W m™* K™%), and C; and C; are the frozen and thawed vol-
umetric heat capacity, respectively (J m™3 K™%).

We calculated the sub-zero initial temperature by logarithmic
fitting of the mean daily ground temperature profile one day before
the start of thawing and then integrating this function across the
depth range defined by zs5 and initial ALT estimate (ALT;.i;) based on

the uncorrected Stefan model:

1 AL
I

Tinit = m 2

alnz + bdz (8)
where a and b are empirical constants. The initial temperature was
determined for seasons 2012/13 to 2015/16, and the resulting aver-
age value of -3°C was subsequently used in the final ALT estimates
in each thawing season.

3.2.2 | Kudryavtsev model

|28

The Kudryavtsev model“® was applied to ground temperature data at

a depth of 5 cm to predict the ALT analogously to the Stefan model:

k¢P:
(2A10pCeZe + QuIALT - 25))Quy [~
nCe

k:P
2A100CiZe+ QUALT =25) + [ (2AropCi + Q)
2A70pCt + Qu

k¢C¢P:
2(As - [Trop|) /== +

ALT =75 +

©)

with
P As —|Tror| _ QU
TP =" 5¢,

Ac + =L
5+2Ct

Q
[Trop|+7~

2C;

k:C:P
2(As - [Trop|) /=2
Z. = s (11)

< 2A10pCt +Qu
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Equation (9) can, however, be solved only numerically, and thus we

used the modified Kudryavtsev model,*® which is more convenient
as it allows an analytical solution:
« kP
ALT =75 + ALT | |- (12)
T[Ct

with

ALT =B+ /B*>+D (13)

B 5 v v
B_6+2_Y 2 2 (14)
52
D:<s+ew+y—62—7 (15)
y=a-8 (16)
a+1
6= Inﬁ+1 (17)
2CiAs
a="""2 18
Q (18)
2Ct|Trop|
= 19
B Q (19)

where Ps is the period at depth z5 calculated as the sum of the lengths
of the thawing season for which the ALT is modeled and the preceding
freezing season (s), As is the physical amplitude (i.e. half range) of the
annual ground temperature oscillations at depth zs (°C) and Top is the
mean annual ground temperature at the top of the permafrost (°C).
Previous studies have expressed the annual amplitude of ground
temperature oscillations as half the annual range in the mean daily
or mean monthly air or ground temperature (e.g. 3337°7°6?) or as the
difference between the maximum mean monthly ground surface tem-
perature and the mean annual ground surface temperature.®® How-
ever, daily or monthly temperatures might overestimate or
underestimate, respectively, the annual ground temperature ampli-
tude. Moreover, they might be unrepresentative of variously long
thawing and freezing seasons whose summary length does not match
the period of one year exactly. Accordingly, we calculated As as the
difference between the annual maximum of the 31-day moving aver-

age of ground temperature at depth zs and the mean annual ground

TABLE 1 Selected ground physical properties at the Abernethy flats site

temperature at depth z5 (MAGTs). We believe that this design is more
representative of the ALT dynamics because it prefers the thawing
season when calculating the amplitude and, as such, it emphasizes its
utmost importance for active-layer formation. By contrast, it sup-
presses the freezing season, and thus it eliminates the potential atten-
uation of ground temperature amplitude caused by snow cover
insulation.

The Trop for permafrost conditions (Trop < 0°C) was calculated

using a semi-empirical equation after Garagulya:®®

MAGTSs MAGTs . MAGTSs MAGT52>
arcsin +4/1-

ke - ke
2 (ks + k¢) + As n ( As As A52
Trop = K
f

(20)

If a sinusoidal temperature wave is assumed, Equation (20) produces

4 which has been

identical results to the thermal offset equation,6
extensively employed in the Trop model.4>¢ However, for consis-
tency of the calculations, we preferably use the former approach
because it incorporates As as an input parameter, like both forms of

the Kudryavtsev model (Equations 9 and 12).

3.3 | Ground physical properties

Ground physical parameters (Table 1) are based on analyses of intact
ground samples collected in duplicate from depths of 10 and 30 cm
into 400-cm? plastic cylinders in February 2017 near the temperature
measurement site. The ground samples were weighed twice before
and after oven-drying for 24 h at 105°C. Afterwards, the dry bulk den-
sity was calculated as the ratio of the mass of dry ground to the total
volume of the sample, the gravimetric water content was determined
as the ratio of the mass of water to the mass of dry ground, and the
volumetric water content (¢) was computed as the product of the
above parameters (dimensionless). Ground texture characteristics
were acquired by wet sieving of particles >63 um and X-ray sedimen-
tation of the finest fractions <63 um (Sedigraph Il Plus,
Micrometrics).

In addition, seven replicate measurements on intact thawed sam-
ples were made with an ISOMET 104 device (Applied Precision Ltd)
to determine the average thawed thermal conductivity and thawed
volumetric heat capacity. The frozen thermal conductivity and frozen
volumetric heat capacity were subsequently estimated based on the
thermal properties of the thawed samples and their volumetric water
contents, neglecting volume changes due to phase transitions. For

the frozen thermal conductivity, we assumed a geometric mean

Depth w(%) ¢(%) pkem® kWmKYH kWm'KY) CUm3K?YH CGUm3K? Sand (%) Silt (%) Clay (%)
10cm  18.0 234 1,302 0.45 0.62 1.38 0.83 50 22 28
30cm 182 265 1,457 0.61 0.87 1.68 1.06 53 20 27

w (gravimetric water content); ¢ (volumetric water content); p (dry bulk density); k; (thawed thermal conductivity); k¢ (frozen thermal conductivity); C,

(thawed volumetric heat capacity); C; (frozen volumetric heat capacity).
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equation based on the thermal conductivity of the ground constitu-
ents and their volume fractions:®”

A\ ¢
()
w

where k; is the thermal conductivity of ice (2.22 W m™* K™%) and k,, is the
thermal conductivity of water (0.57 W m™* K™2). Calculation of the frozen

(21)

volumetric heat capacity builds on a weighted average of volumetric heat
capacity of the ground constituents and their volume fractions:*®

C=C-d(Cuw-C) (22)
where C,, is the volumetric heat capacity of water (4.21 MJ m= K™%) and
G is the volumetric heat capacity of ice (2.05 MJ m™ K™2).

4 | RESULTS

4.1 | Air and ground temperature regimes

MAAT at Abernethy Flats was -7.3°C in the period March 2006 to
February 2016 and ranged from -5.1°C (2006/07) to -8.9°C (2009/10)
(Figure 3). The warmest season was summer (DJF) with a mean seasonal
air temperature (MSAT) average of 0.4°C, which varied between 2.0°C
(2007/08) and -1.0°C (2009/10). The coldest season was winter (JJA)

with MSAT average of -14.8°C. Winter MSAT varied between -9.9°C
in 2010/11 and -18.3°C in 2009/10 (Table 2). The highest mean monthly
air temperature was mostly recorded in January and averaged 1.2°C with
a range between 2.7°C (2007 and 2009) and -0.6°C (2010). The coldest
month was usually July with an average of -15.5°C and substantially
higher temperature variability compared to the warmest month of
between -9.8°C (2006) and -21.9°C (2007). The highest mean daily
temperatures slightly exceeded 5°C and occasionally even 10°C during
the summer months, while the minimum mean daily temperatures usually
dropped below -25°C and rarely decreased even below -30°C (Figure 3).
The MAAT tended to increase on average by +0.10°C y* over the entire
period of March 2006 to February 2016. The major warming of
+0.31°C y™! was observed for the autumn months (MAM), while cooling
of -0.16°C y™* was found for the winter months (JJA). However, in all
cases the trends were non-significant at p < 0.05.

MAGTs was -6.1°C in the period March 2006 to February 2016
and ranged from -3.3°C (2008/09) to -8.2°C (2007/08 and 2009/10)
(Figure 3). Mean seasonal ground temperature at 5 cm (MSGT5s) in the
summer months averaged 3.3°C and varied between 5.1°C (2007/08
and 2008/09) and 0.4°C (2009/10). The coldest season was winter
when MSGT5 decreased on average to -14.7°C, with a range between
-9.6°C in 2008/09 and -18.9°C in 2007/08 (Table 2). The highest
mean monthly ground temperature at a depth of 5 cm was mostly
recorded in January and averaged 4.8°C, with variations between
7.1°C (2009) and 2.7°C (2010). The coldest months were July and

15
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FIGURE 3 Daily and monthly air temperature (AT) and ground temperature at a depth of 5 cm (GT;) [Colour figure can be viewed at

wileyonlinelibrary.com]
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TABLE 2 Annual and seasonal means of air temperature (AT) and ground temperature at a depth of 5 cm (GTs) and the temperature trends for

the period March 2006 to February 2016

Annual MAM
Period AT GTs AT GTs
2006/07 -5.1 -3.8 -4.2 -1.5
2007/08 -8.8 -8.2 -10.7 -9.5
2008/09 -6.1 -3.3 -9.4 -5.8
2009/10 -8.9 -8.2 -8.6 -6.6
2010/11 -5.8 -53 -10.6 -9.7
2011/12 -8.6 -6.6 -10.8 -8.0
2012/13 -8.3 -7.3 -9.1 -74
2013/14 =72 -6.6 -55 -5.4
2014/15 -71 -5.3 -7.6 -6.0
2015/16 -6.9 -6.5 -6.0 -5.6
2006/16 -7.3 -6.1 -8.3 -6.5
Trend 0.10 -0.05 0.31 0.13

August, both having identical average of -15.2°C. The mean ground
temperature of these two months varied considerably, between
-10.0°C (2008) and -22.2°C (2007) (Figure 3). The highest mean daily
ground temperatures at a depth of 5 cm usually reached around 10°C
and occasionally even exceeded 15°C during summer months, while
the minimum daily means usually dropped below -20°C and rarely
even below -25°C (Figure 3). A negative trend of -0.05°C y™! was
detected on an annual basis. Seasonally, ground temperature
increased by 0.13°C y~! in autumn months (MAM), while a negative
trend of -0.20°C y~* was found for the winter months (JJA). However,
all the trends were non-significant at p < 0.05.

Thawing seasons started between October 18 (2011/12) and
December 20 (2010/11), while they ended between February 13
(2013/14) and March 19 (2011/12). These days also delimit the freez-
ing seasons. The thawing seasons lasted for 153 days (2010/11) to
64 days (2009/10) with an average length of 105 days (Table 3). The

JA SON DJF
AT GTs AT GTs AT GTs
-124 -140 -46 -33 0.9 35
-180 -18.9 -86 9.4 20 51
-13.6 -96 -28 -31 14 5.1
-18.3 -17.1 -78 -94 -10 04
-99 -11.9 -29 -29 03 35
-16.1 -150 -7.7 -56 0.5 3.0
-143 -148 93 -9.4 -08 25
-155 -15.8 74l -7.6 -08 24
-13.7 -130 -7.3 -6.0 0.2 3.8
-15.9 -16.5 -69 -75 12 34
-14.8 -147 -65 -64 04 33
-0.16 -0.20 -0.08 -0.13 -0.09 -0.16

thawing seasons shortened by an average of 1.5 days per year. Mean
air temperature during the thawing season averaged 0.7°C, with the
warmest thawing season in 2008/09 (2.0°C) and the coldest in
2013/14 (-0.8°C). The average TDD, was 169°C days and varied
between 242°C days (2015/16) and 37°C days (2009/10). Relatively
high FDD, values were observed during thawing seasons as well,
averaging -92°C days, with a maximum of -41°C days (2008/09)
and minimum of -162°C days (2013/14). Mean ground temperature
during the thawing season at a depth of 5 cm was on average 3.4°C
and varied between 5.3°C (2008/2009) and 1.7°C (2009/10). Similarly
to seasonal ground temperature, TDDs reached a maximum of 520°C
days in 2008/09 and minimum of 107°C days in 2009/10. The
average TDDs was 368°C days. Summer FDDs was very low, with an
average of -8°C days. The FDDs was zero in 2009/10, whereas it
reached -32°C days in 2013/14. The average n; was 2.35, with a max-
imum of 3.21 in 2013/14 and minimum of 1.59 in 2015/16 (Table 3).

TABLE 3 Characteristics of mean seasonal air temperature (MATS,) and ground temperature at a depth of 5 cm (MGTS;5), thawing (TDD) and
freezing (FDD) degree-days, thawing n-factor (n) and duration of thawing seasons in the period 2006/07-2015/16

Period MATS, (°C) MGTS; (°C) TDD, (°C days) TDD; (°C days) FDD, (°C days) FDDs (°C days) ne (-) Duration (days)
2006/07 0.8 3.3 190 432 -84 -1 2.27 129
2007/08 1.6 4.4 236 475 -70 =il 2.01 107
2008/09 20 5.3 233 520 -41 -1 2.23 97
2009/10 -0.6 1.7 37 107 =77 0 2.89 64
2010/11 0.6 3.0 225 461 -131 -6 2.05 153
2011/12 = 3.0* = 347* = = = =
2012/13 0.4 29 145 311 -106 -13 2.14 100
2013/14 -0.8 2.3 84 270 -162 =2 3.21 103
2014/15 0.6 4.2 132 370 -81 -2 2.80 88
2015/16 1.6 3.5 242 386 -74 =13 1.59 108
2006/16 0.7 3.4 169 370 -92 -8 2.35 105

*Value calculated by regression; it is not used to compute the period average.
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Freezing seasons were substantially longer than thawing seasons,
with an average length of 262 days and range between 302 days
(2012/13) and 214 days (2006/07) (Table 4). Their duration was
prolonged by an average of 3.8 days per year during the study period.
Mean air temperature during freezing seasons dropped on average to
-10.2°C. The warmest freezing season was in 2006/07 (-8.8°C), while
the coldest was in 2007/08 (-12.5°C). Likewise, FDD, also reached its
maximum of -1,973°C days in 2006/07 and minimum of -3,448°C days
in 2007/08. The average FDD, was -2,757°C days. The positive air tem-
perature events during winter (Figure 3) resulted in the occurrence of
TDD, in the freezing season, the average of which was 60°C days and
it ranged from 87°C days in 2015/16 to 29°C days in 2007/08. Mean
ground temperature during freezing seasons at a depth of 5 cm
was -9.8°C and varied between -7.0°C in 2008/09 and -12.7°C in
2007/08. The average FDDs was -2,586°C days and reached a maximum
of -1,745°C days in 2008/09 and minimum of -3,477°C days in
2007/08. Unlike TDD,, TDDs was very limited during the freezing sea-
sons. The average was as low as 3°C days, and the maximum reached
12°C days in 2014/15, while only 1°C day was detected in the freezing
seasons 2008/09 and 2013/14. The average n¢ was 0.93, with a maxi-
mum of 1.03 in 2010/11 and minimum of 0.71 in 2008/09 (Table 4).

4.2 | Active-layer thickness

The average ALT modeled for the S, scenario was 58 cm and ranged
from 33 cm (2009/10) to 70 cm (2008/09). Model outputs for scenario
Sso exhibited 2-5 cm thicker ALT (Figure 4) with an average of 62 cm
and range between 35 cm (2009/10) and 75 cm (2008/09). Both
scenarios showed non-significant ALT thinning at a rate of 1.1 cmy ™%

ALT modeled for scenario Kyo achieved an average of 57 cm and
ranged from 35 cm (2009/10) to 79 cm (2008/09). The Kudryavtsev
model also tended to provide 2-6 cm thicker active layer for the Kzo
scenario compared to Ko (Figure 4). The average ALT modeled for
the Kzo scenario was 62 cm and it varied between 37 cm (2009/10)
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FIGURE 4 Interannual variability of the active-layer thickness (ALT)

modeled by the Stefan (S0, Ss0) and Kudryavtsev (K;o, K3o) models
[Colour figure can be viewed at wileyonlinelibrary.com]

and 86 cm (2008/09). Likewise, scenarios Ko and Ko modeled non-
significant ALT thinning at rates of 1.5 and 2.0 cm y ™2, respectively.

The average ALT of all four scenarios reached 60 cm, ranging from
35 cm (2009/10) to 78 cm (2008/09). The average annual range of all four
model scenarios was 9 cm. The annual range also positively correlated
with the ALT, as the smallest model range of 4 cm was achieved when
the mean modeled ALT reached its minimum, while the largest model
range of 15 cm corresponded to its maximum (Figure 4). The thinning rate
of the mean ALT was 1.6 cmy ™%, but it was also non-significant at p < 0.05.

The mean ALT modeled by the Stefan and Kudryavtsev models was
controlled in particular by the summer ground temperature (r = 0.95
and 0.89, respectively), but it correlated highly significantly with the
summer air temperature as well (r = 0.81 and 0.80, respectively;
Figure 5). The influence of annual as well as winter air and ground
temperatures was usually moderate (r = 0.43 to 0.61), with the only
significant relationship (r = 0.75) found between the mean ALT
modeled by the Kudryavtsev model and MAGT5 (Figure 5).

TABLE 4 Characteristics of mean seasonal air temperature (MAFS,) and ground temperature at a depth of 5 cm (MGFSs), freezing (FDD) and
thawing (TDD) degree-days, freezing n-factor (n) and duration of freezing seasons in the period 2006/07-2015/16

Period MAFS, (°C) MGFS; (°C) FDD, (°C days) FDDs (°C days) TDD, (°C days) TDDs (°C days) ne (-) Duration (days)
2006/07 -8.8 -8.6 -1,973 -1,836 81 3 0.93 214
2007/08 -12.5 -12.7 -3,448 -3,477 29 2 1.01 273
2008/09 -9.6 -7.0 -2,449 -1,745 44 1 0.71 251
2009/10 -10.7 -10.4 -3,291 -3,116 75 2 0.95 300
2010/11 -9.5 -10.0 -2,307 -2,384 45 2 1.03 238
2011/12 - -12.7* - -3,126* = = = =
2012/13 -10.3 -9.7 -3,146 -2,925 49 3 0.93 302
2013/14 -10.7 -10.9 -2,712 -2,706 72 1 0.99 247
2014/15 -10.0 -8.9 -2,691 -2,332 54 12 0.87 263
2015/16 -10.0 -10.2 -2,799 -2,757 87 5 0.98 271
2006/16 -10.2 -9.8 -2,757 -2,586 60 3 0.93 262

*Value calculated by regression; it is not used to compute the period average.
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FIGURE 5 Correlations between mean active-layer thickness (ALT) modeled by the Stefan and Kudryavtsev models and mean annual air

temperature (MAAT), mean annual ground temperature at a depth of 5 cm (MAGTs;), and mean seasonal air temperature (AT) and ground

temperature at a depth of 5 cm (GT5) in summer (DJF) and winter (JJA). Statistical significance is expressed as ***p < 0.001, **p < 0.01, *p < 0.05

[Colour figure can be viewed at wileyonlinelibrary.com]

The differences between the modeled and observed ALT reached on
average -4.2 cm (-7.9%) and -5.8 cm (-10.3%) for scenarios S19 and K,

respectively (Figure 6), with deviations from -1 to -8 cm (-1.1 to
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FIGURE 6 Validation of modeled active-layer thickness (ALT) by the
Stefan (S10, S30) and Kudryavtsev (K10, Kzg) models with observed ALT.
A dark dashed line indicates a 1:1 relationship between the observed
and modeled ALT, and grey dashed lines indicate the error bands of

2.5 and 5.0 cm [Colour figure can be viewed at wileyonlinelibrary.com]

-15.4%) and -2 to -11 cm (-3.3 to -16.2%), respectively. Because both
scenarios underestimated the ALT in all cases, the corresponding mean
absolute errors were 4.2 cm (7.9%) and 5.8 cm (10.3%), respectively.

More accurate ALT was modeled for scenarios S3o and Kz, which devi-
ated on average by -0.2 cm (-0.8%) and 2.2 cm (-3.9%), with variations
from -4 to 4 cm (-10.3 to 6.7%) and from -7 to 3 cm (-10.3 to 5.0%),
respectively (Figure 6). Because the scenarios both underestimated and
overestimated the ALT, the corresponding mean absolute errors were
2.6 cm (5.0%) and 3.4 cm (5.9%) for S3o and Kz, respectively.

5 | DISCUSSION

5.1 | Climate and active-layer thickness

The climate on the Eastern AP, where JRI is located, has a prevailing
continental character but also some patterns of an oceanic climate (e.
g.%®) |n contrast to the Western AP where an oceanic climate is dom-
inant, the MAAT at the same latitudes of the Eastern AP is about 4 to 6°C
lower? and the annual amplitude of air temperature is almost two times
larger.”® Yet, the area of JRI is among the warmest parts of Antarctica as
MAAT in the coastal areas of Eastern Antarctica is typically between
-10 and -15°C and decreases to about -15 to -20°C in the southern-
most coastal areas in the region of the McMurdo Dry Valleys.”?
Active-layer formation is mainly controlled by summer tempera-
tures (Figure 5), as has also been reported from numerous sites in

72-75)

polar and subpolar as well as mountain regions (e.g. . The mean
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DJF air temperature on JRI reached 0.4°C in the period March 2006 to
February 2016, which was 0.2-0.8°C lower than at sites along the
Western AP in the same period.'° The mean DJF ground temperature
on JRI differed from those on some sites on the South Shetlands, usu-
ally by -1 to +1°C.**7¢ Higher ground temperature differences in con-
trast to that of air temperature might be attributed to the specific
conditions of each study site, such as snow cover presence, vegetation
coverage, moisture content, topography or lithological properties.””
Despite lower summer air temperature and more variable summer
ground temperature differences, the near-surface thawing degree-
days were usually higher on the Abernethy Flats than on the South

Shetlands (e.g. 14297°)

. This can be explained by the almost two times
higher mean daily global radiation during the summer months on JRI
(~240 W m™2)”8 than on the South Shetlands (~130 W m™2)”? associ-
ated with a prevailing oceanic climate causing higher cloudiness on the
Shetlands. The eminent role of global radiation on ground temperature
can be mainly exemplified on Victoria Land where its mean summer
value can exceed 240 W m™2 and cause over 700°C days, despite
mean summer air temperature being around -2°C.&°

A significant air temperature decrease started around 2000 along
most of the Western AP. The cooling triggered by natural variability
of cyclonic activity and increasing sea-ice concentrations near coast-
lines caused MAAT trends of -0.16 to 0.05°C y™! in the period
2006-2015.21° In contrast, the MAAT on JRI was increasing at a
non-significant rate of 0.10°C y~%, which corresponds to observations
from other sites of the north-eastern AP where positive, but non-
significant, trends between 0.02 and 0.08°C y™* have been reported.*°
Unlike MAAT, there was a non-significant negative trend of -0.05°C y !
for MAGTs. Interestingly, the MSAT and MSGTs trends were positive only
in autumn (MAM), at 0.30 and 0.13°C y %, respectively, while they were
negative in the other three seasons. Yet, the north-eastern AP region
exhibited a MAAT more than 1°C lower in the period 2006-2015 com-
pared to 1996-2005, and autumn (MAM) air temperature was even
about 1.5°C lower.°

Among JRI sites of similar altitude, the average modeled ALT on
Abernethy Flats of 60 cm was comparable to that at the site near
the Johann Gregor Mendel station, where about 20% higher TDDs
was observed, but ALT was reduced by lower thermal conductivity
of around 0.30 W m™ K™? (see 4?0, while about 20-30 cm higher
ALT was reported at two other sites, mostly because of their higher
thermal conductivity >0.7 W m™* K™ and slightly higher TDDs.#%5°

Despite similar summer ground surface temperatures, the ALT on
Abernethy Flats was lower than in the Western AP, where it usually
exceeds 80 cm (e.g. >”*%) and sub-Antarctica with ALT > 100 cm.??
In these areas, permafrost is much warmer as the temperature at the
top of the permafrost table is about 4-5°C higher than on JRIL.”®
Therefore, thaw propagation during summer can be more rapid
because less heat is needed for active-layer thawing. Moreover,
thawing can be accelerated by higher input of liquid precipitation,
which frequently occurs in the Western AP in the summer months.
Slightly higher ALT values (~65 to 100 cm) were also observed in the
coastal parts of Enderby Land and Princess Elizabeth Land in eastern
Antarctica. MAAT in these regions is about 3°C lower than on JRI,

but summer air temperature is only about 1.0°C lower.8*82 The differ-
ence might therefore be caused by contrasting ground physical prop-
erties as well as the slightly higher temperature amplitude of these
areas. Lower ALT (< 50 cm) values were typical for cold areas with
MAAT < -15°C such as northern Victoria Land,>>1%”> McMurdo Dry

583 and the mountainous areas in Dronning Maud Land>®* or

Valleys,
the Ellsworth Mountains.®®> Mean monthly air temperatures during
the summer only rarely exceeded -2°C in these areas, which probably
enhanced the role of solar radiation in active-layer formation.”>8°
Although the MAAT trend on JRI was positive, MAGT5 decreased
slightly, and the mean modeled ALT thinned by 1.6 cm y ™! during
the study period. The thinning can be mainly related to the decreasing
DJF temperatures (Figure 5) and shortening of the thawing seasons,
which occurred across the whole AP region® and caused similar
active-layer thinning of 1.5 cm y™* on Deception Island during the
period 2006-2014*2 as well as a thaw depth reduction of 1.6 cm y™*
on the South Shetlands in the period 2009-2016.2¢ The long-term ALT
observations from other regions of Antarctica are sparse, but show that
ALT remained stable in the McMurdo Dry Valley region,>®® while even
slight thickening of 0.3 cm y™* was reported from northern Victoria Land
in the period 1997-2012.1 Generally, the summer season is the most
important part of the year for active-layer development, while the effect
of annual temperature is of lesser significance. Besides temperature,
incoming solar radiation might become an important factor governing
active-layer thawing in regions where no trend of summer air temperature

was detected.?6”>

5.2 | Model suitability
The Stefan and Kudryavtsev models have been widely used in differ-
ent parts of the northern hemisphere for local ALT prediction based

on in situ ground surface or subsurface measurements (e.g. 30-3260:61)

as well as for regional or global ALT modeling (e.g. 1:33:34:59:6287-89)

but until now they have been applied only twice in Antarctica.®®?
The ALT values modeled in these two cases are, however, thought to
be overestimated by up to hundreds of percent.”® The present study
is therefore the first one which provides validated ALT estimates
based on the Stefan and Kudryavtsev models in Antarctica because
their outputs based on ground physical parameters at a depth of
30 cm differ from the observed ALT on average by 2.6 and 3.4 cm
or 5.0 and 5.9%, respectively (Table 5). Such accuracy is substantially
better than in most previous studies, which showed average mean
absolute errors of 3.6-58.8 cm and 2.8-65.7 cm for the Stefan and
Kudryavtsev models, respectively, while their average mean absolute
percentage errors were 6.0-26.1% and 5.8-24.7%, respectively
(Table 5). Only two of these investigations reached an average mean
absolute percentage error less than 10% for both the Stefan®®®% and
the Kudryavtsev models.>°#8 Romanovsky and Osterkamp®® even
achieved slightly better relative accuracy than this study, 5.8%, but
on the other hand, they reached it by adapting the initially measured
ground thermal properties through numerical modeling. The majority

of studies have, however, reported average mean percentage errors



151

WILEY

HRBACEK AND UXA

Apnis siy1
(9702) '[e 30 38107

(9702) ‘I8 38 UIA
(¢T02)
HSRERNYSEIETHS

(¢T0Z) '|e 30 Bueq

(£002) Ajsrouewoy
pue eaouozeg

(666T) UoS|eN
pue Aouewop|Iys

(£667) dwexi2sO
pue Ajsaouewoy

(£66T) '|e 32 rowisiuy
Apnis siy1
(9T02) ‘e 32 UIA

(2002) uosiaN
pue AouewopIys

(£66T) '|e 32 UOS|aN
(9102) le 3 13107
(9007) 'le 1° wadSaH
(T00Z) '|e 30 dudy

(£66T) dwei23sO
pue Axysaouewoy

321n0g

e6'G/€0T
(STS0187) L VT

(S22 03 £7) 6TT

(T'L¥ 03 £7) 09T

(9T 039€) 96

(79 01 T°S) 8'S/
(7'ST 0389) GTT

0'6/6L
(L8030
09
(£'9% 03 00)
0T
(9°€T 03 T°9)
86
(€€ 031 0)
g€l
(005 03 €9)
S1C
(8'T€ 03 5°9)
61
(9°62 031 +°02)
192
(%)
10413 98ejuadiad ajnjosqe uesjn

6'€- /€0T-
(607 03 G'TG-)
9ot
(S£z 03 £T-)
SoT
(T'8 0} ¥'¥-)
0T
(T'Ly 03 0'62-)
£0-
(Tpe 03 T'LT-)
8-
(0¥T 03 £91-)
#'0-

TS 01ET) 8T/
(7’6 03 8'%-) 0T
(Tet 03 8'GT-)
99
e8°0- /6L~
(#'9 03 0°'G-)
0
(L'9% 03 5'8T-)
12
(9°€T 03 61-)
ey
(€€ 03 0'5Z-)
6T
(005 03 0°'5Z-)
ST-
(8'T€ 03 T'9T-)
gL

(982 03 +°07) £'ST

(%)
Jo.113 agejuaduad uesjy

7'€/8°G eC'C- /8'G- eC'€5/9'67
(00£T 02 0'0T) (006 ©3 0'0LT~) (0'06€ 03 0°09T)
1S9 9'8- 1'SLT
(9% 01 €/) (L9 01 €£-) (0%SC 01 £'912)
LTC T61 G9€T
(0€ 03 0'0T-) (065 91 0°T€)
= S0 R
(€0TT 03 £G) (€08 03 €0TT-) (#'69¢ 03 £°181)
'8¢ 0'6- 82T
(0°'ST 03 0'9T-) (0'£9 03 0'92)
= 9C- 0’6
(08 0107) (09 01 0'8-) (085 01 O°Tt)
9y z0- 6y
e(L°€01TT) «(5'C 03 80) (0'€9 031 £'9€)
8T/ (LL01SE) +T/(09010¢C-) 9715/(089 03 5€€)
¥'s LT 615
(SZS 03 T'¥-) (S5TLT 01 T'6E)
= L0 LT
9C/TY eC'0- /T~ eC'SS/TTS
(€2Z 01 89) (€'9T 03 G'0T-) (44T 03 8'9/T)
9'¢l 80 81T
(0%T 03 00 (0%T 03 0°0T-) (0°6G 93 0°GE)
a4 80 Ty
(8% 0107) (8% 0107¢C-) (8'C¥ 03 £°LE)
9'¢ 1 60b
(006 03 0°0) (0'09 03 0°06-) (0°'09% 03 0°091)
1€ 6C- ¥'18C
(000T ©2 0'0Z)  (0°0£ ©3 0°00T-) (00T 03 0'0ET)
8'85 8'ce- 0562
(82T 01 9°¢) (82T 03 £'8-) (£°99 01 6°L€)
L9 1€ 66t

(/T 01E6)ETT (€L10106)TTCT  (€6L 0} Sib) €9

(wo)
10413 3)Njosge ueajp|

(wd) 10113 ues|p (wd) psepow |7y

"saiadoud [eway) punoJs Jo S39s oM} Uo pased,

¥'SS

(0'08% 03 0°0ST)

8T

(2’192 01 0'0LT)

AT

(095 03 0°£€)
geh

(£°6L€ 03 6'65T)

T°LET

(059 03 0°€€)
915

(0SS 01 0'Et)
9'6Y

(029 03 5°5€)
T05

(686 01 €'62)

STLT
¥'ss

(€192 03 0°0LT)

AN

(095 03 0°62)
ey

(8% 03 £/€)
168

(0'08% 03 0°0ST)

€8T

(008t 03 0°00T)

8'8z¢

(€09 03 Z'0P)
89y

(029 01 6°G€) T0S

(w2) pantesqo 17V

pajda1i0)

|eouidwa-1wasg

J1sse|D

uonnjos

ASSIABAIPNY

uejals

[oPon

Y}eg ay3 SSOJdE W04 SIIPN3S Pa3dsas 10} S|9POW ASSIABAIPNY| pue UeyalS 3y} JO Adelndde ayj} Jo MAIAIBAQ G J1daVL



2 | wWiLEY

HRBACEK AND UXA

mostly well below +10% (Table 5). This probably relates to the fact
that equilibrium models assume stationary conditions,?? and thus they
well represent multi-year or multi-site averages that moderate the
energy imbalances introduced by short-term and/or long-term climate
variations, while they tend to fail to capture interannual transient
departures from the equilibrium state.”* Yet, this and other stud-
ies%%° have shown that equilibrium models can perform reasonably
well even on an annual basis regardless of their limitations.
Theoretical studies have shown that the Stefan model tends to
overestimate ALT by up to tens of percent.*%>%?2 This drawback is
nicely illustrated by the ALT modeled through the basic form of the
solution, which deviated on average by 13.8-26.1% from the
observed ALT and exhibited the highest mean absolute percentage
errors of up to 50% as well (Table 5). Somewhat better accuracy, with
average mean absolute percentage errors of 9.8-10.4%, but at the
same time with maximum deviations of up to 46.7%, was achieved if
the ground physical parameters were substituted by the single empir-
ically estimated edaphic parameter (Table 5). The latter approach sim-
ply overcomes the main model shortcomings and even coarse
temperature data alone are needed to force the model success-
fully,878? but despite the range of the edaphic parameter is relatively
low,?% it has limited transferability because it is valid only where
observed ALT is available for model calibration.”* The most accurate
ALT estimates utilizing the Stefan model have been achieved by this

|60

study and by Yin et al®® which both employed correction factors

accommodating sensible heat and ground temperature prior to

thawing,56

resulting in average mean absolute percentage errors as
low as 5.0-6.0%. Likewise, the annual ground surface temperature
amplitude calculated from the difference between the maximum of
the 31-day moving average ground temperature at a depth of 5 cm
and MAGT s and usage of the actual length of the freezing and thawing
seasons instead of the standard annual period of 365 days probably
better represent the ground surface temperature behavior, which is
reflected in the lower bias of the Kudryavtsev model than in most pre-
vious studies (Table 5). However, note that these comparisons need to
be taken with caution because the validation data as well as the length
of the validation periods in Table 5 differ, which prevents precise
assessment of the modeling accuracy.

Both models also benefited greatly from adding the depth of the
driving ground temperature measurements to their outputs,” which
reduced the mean absolute percentage error of the Stefan and
Kudryavtsev models by 5.1 and 7.3%, respectively. However, it has
not yet been used in other investigations utilizing the ground temper-
ature to run the models for ground thawing.2%3234¢° Undoubtedly,
driving temperature data measured directly in the ground might also
significantly contribute to the high accuracy of the models compared
to the case of air temperature forcing; the earlier studies are, however,
inconclusive in this regard for both the Stefan and the Kudryavtsev
models. Nonetheless, the model adjustments proved to be highly use-
ful, but at the same time, they require more input data. Furthermore, it
is unclear to what extent the high accuracy of the models is due to
their modifications alone and what is the role of ground surface and

subsurface characteristics.

Because ground physical parameters enter the models as constants,
the accuracy of the models depends on how the parameters are repre-
sentative of the entire profile, which inherently relates to their temporal
variability. Besides meteorological conditions, the main drivers of their
changes are such factors as vegetation, snow cover or ground texture,
which significantly alter air-ground fluxes and hence the moisture con-
tent or thermal properties of the ground.??> However, the study site is
vegetation-free and winter snow cover, which comprises most of the
total precipitation, is believed to be low and rather episodic’® as the
freezing n-factor mostly ranged between 0.93 and 1.03 (Table 4).4>*°
Likewise, ground texture and moisture are homogeneous at least in the
upper half of the active layer (Table 1).#2 In contrast, bulk density tends
to increase with depth, being about 12% higher at 30 cm than at 10 cm,
which also led to about 22-40% higher values of ground thermal conduc-
tivity and volumetric heat capacity at this depth (Table 1), probably due to
enhanced particle contact caused by a reduction in porosity.®”?” The ALT
modeled based on ground physical properties at a depth of 30 cm was
more accurate, on average by about 2.9 and 4.4% for the Stefan and
Kudryavtsev models, respectively, than those based on the characteris-
tics at 10 cm. Ground physical parameters at a depth of 30 cm are there-
fore more representative of the entire profile, probably because they are
closer to half the depth between the ground surface and the base of the
active layer and, as such, they are close to their optimal values. Naturally,
this applies for uniform profiles such as in this study, but would be invalid
for multilayer systems, especially those consisting of materials in high
contrast to soil such as a surface layer of peat or shallow bedrock.

The higher accuracy of the Stefan and Kudryavtsev models on JRI
than in most other regions might therefore be attributed both to the
application of recent model enhancements®® and other modifications
improving their performance as well as to comparably lower temporal
variability of ground surface and subsurface parameters and to their rel-
atively homogeneous distribution across the profile. High model accu-
racy can also be assumed especially in other cold and dry regions of
Antarctica where ground physical properties, particularly water con-
tent, remain stable over the years. They might therefore help to better
understand the spatial variability of ALT as well as its sensitivity to cli-
mate changes there. Further testing of the models is, however, highly
desirable in more temperate and humid regions of maritime Antarctica.

6 | CONCLUSIONS

Study of the active-layer thermal regime and thickness on Abernethy
Flats, James Ross Island, Eastern Antarctic Peninsula, in the period
March 2006 to February 2016 led to the following main conclusions:

1. Decadal MAAT and MAGT; values were -7.3 and -6.1°C, respec-
tively, and the average modeled ALT reached 60 cm.

2. The MAAT increased on average by 0.10°C y ™%, but a negative trend
of -0.05°C y~* was detected for MAGTs. The modeled ALT thinned
onaverage by 1.6 cm y ™%, which mainly related to a decrease in sum-
mer temperatures and to shortening of the thawing seasons. How-

ever, all the trends were statistically non-significant at p < 0.05.
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3. The modeled ALT strongly and significantly correlated with summer
air and ground temperature. It also showed moderate, but mostly
non-significant, positive correlations with annual as well as winter

air and ground temperatures.

4. Themodeled ALT based on ground physical parameters at a depth of
30 cm showed a mean absolute error of 2.6 cm (5.0%) and 3.4 cm
(5.9%) for the Stefan and Kudryavtsev models, respectively. This is
therefore the first validated outcome of these analytical models in
Antarctica. Their accuracy was, moreover, better than in most previ-
ous studies from the northern hemisphere, which is probably linked
to the model modifications, rather low temporal variations of ground
surface and subsurface characteristics, and homogeneous distribu-

tion of ground physical parameters within the active layer.

Our 10-year series is one of the longest datasets of simultaneous air
temperature, ground temperature and ALT observations ever pub-
lished in the Antarctic Peninsula region as well as throughout the Ant-
arctica and it documents the short- to medium-term climate variations
in the area. However, any trends should be taken carefully because
the time series remains too short to capture a reliable climate signal.

The Stefan and Kudryavtsev models have been demonstrated to
be simple tools that require a small amount of input data, while main-
taining high accuracy of ALT estimates. They have considerable poten-
tial for reliable reconstructions of ALT at a local scale as well as its

spatial modeling over Antarctica.
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ABSTRACT

This study aims to assess the role of ephemeral snow cover on ground thermal regime and active layer thickness
in two ground temperature measurement profiles on the Circumpolar Active Layer Monitoring Network — South
(CALM-S) JGM site on James Ross Island, eastern Antarctic Peninsula during the high austral summer 2018. The
snowstorm of 13-14 January created a snowpack of recorded depth of up to 38 cm. The snowpack remained on
the study site for 12 days in total and covered 46% of its area six days after the snowfall. It directly affected
ground thermal regime as indicates temperature record at snow-covered profile AWS-JGM which subsurface
section was nearly 5 °C colder compared to the snow-free AWS-CALM profile. The thermal insulation effect of
snow cover is also reflected in the mean monthly (January) and summer (DJF) ground temperatures on AWS-
JGM that decreased by ca 1.1 and 0.7 °C, respectively. Summer thawing degree days at a depth of 5 cm
decreased by ca 10% and active layer was ca 5-10 cm thinner when compared to previous snow-free summer
seasons. Surveying by ground penetrating radar revealed a general active layer thinning of up to 20% in those

parts of the CALM-S which were covered by snow of >20 cm depth for at least six days.

1. Introduction

Seasonal occurrence of snow cover, its thickness and spatial distri-
bution significantly affect ground thermal regime as well as active layer
refreezing in regions underlain by permafrost. It is estimated that a snow
accumulation about 40 cm deep has the maximum insulating effect (e.g.,
Zhang, 2005). Generally, thinner snow accumulation tends to have a
cooling effect on the ground while a thicker and long-lasting snow cover
can increase the ground temperature. The insulating effect of snow cover
in permafrost conditions is the most prominent in winter due to
maximum snow thickness, high surface albedo and the porosity of snow,
and a large temperature difference between the atmosphere and the
ground surface (Harris et al., 2009; Callaghan et al., 2011). Under these
conditions, the solar energy absorbed by the snow surface is reduced,
thermal conduction within the snowpack is low, and the transfer of heat
between the air and the soil surface is limited. The net influence of snow
over the cold period amounts to an increase of mean ground tempera-
tures and maximum thaw depths, but these effects vary greatly in space
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E-mail address: hrbacekfilip@gmail.com (F. Hrbacek).
1 Both authors contributed equally to this paper.
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and time (Zhang, 2005). At the end of winter the insulating effect of
snow decreases, and meltwater becomes the primary influence.

During the summer period, the effect of snow on ground temperature
and thaw depth is considered to be relatively small under permafrost
conditions (Goodrich, 1982). The ground remains frozen underneath
long-lasting snow patches but warms rapidly in snow-free areas (Harris
and Corte, 1992). The infiltration of meltwater increases the thermal
conductivity of the ground, enhancing heat transfer from the ground
surface to the permafrost table (Campbell et al., 1998). When ephemeral
snow cover builds up during the summer, snow protects the ground from
warm air and the active layer may eventually refreeze from the
permafrost table upwards. However, this cooling effect is limited and its
impact on the ground is controlled primarily by the duration of the snow
cover, snow properties and a temperature difference between the air and
the ground surface. The insulating capacity of snow increases in late
summer when the thaw plane tends to rise rapidly (Goodrich, 1982). The
impact of summer snow cover on ground temperatures and active layer
thickness was studied rarely in the high mountains (Hoelzle et al., 2003;
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Luetschg et al., 2008; Magnin et al., 2017; Mena et al., 2021), arctic
environment (Christiansen, 2004; Hinkel and Hurd, 2006; Park et al.,
2015) and Maritime Antarctic (Guglielmin and Cannone, 2012;
Guglielmin et al., 2014b; de Pablo et al., 2017; Ramos et al., 2017,
2020). Most of these studies deal with the cooling effect of a delayed
snow cover melt due to its albedo and the latent heat flux. Changes in the
ground thermal regime induced by summer snowfall events were re-
ported only from the Alps (Hanson and Hoelzle, 2004; Draebing et al.,
2017; Magnin et al., 2017), Tianshan Mountains (Zhao et al., 2018) and
arid Andes in Chile (Mena et al., 2021).

The snow cover effect on ground thermal regime or active layer
thawing has been widely studied in the Arctic regions during the past
decades (e.g., Zhang, 2005; Callaghan et al., 2011; Johansson et al.,
2013; Park et al., 2015). However, the knowledge on snow-ground in-
teractions in Antarctica is limited mostly to sites within the Antarctic
Peninsula region (AP) with only a few studies from different parts of the
continent. Generally, snowpack controls the ground thermal regime and
active layer thickness in Antarctica in different ways depending on its
seasonal duration and prevailing depth. Only a negligible effect of
winter snowpack on ground thermal regime was observed in dry and
cold conditions of the north-eastern AP where snow cover in winter is
irregular and usually thinner than 30 cm (Hrbacek et al., 2016). A
ground temperature increase was observed in cases when snow persists
for the majority of the winter with a thickness between 30 and 70 cm.
Such conditions are characteristic for the study sites on the South
Shetlands in the north-western AP (Oliva et al., 2017a; de Pablo et al.,
2017; Ramos et al., 2017) and they were also observed in topographi-
cally similar sites on James Ross Island (Knazkova et al., 2020).
Importantly, ground warming during the thaw season can lead to
permafrost degradation especially in areas on the border conditions
between continuous and discontinuous permafrost of the north-western
AP (Hrbacek et al., 2020).

At the same time, however, persistent snowpack can lead to active
layer thinning and its effect can eventually promote permafrost aggra-
dation. The main reason is a shortening of the thawing season (Ramos
etal., 2017). Consequently, the heat deficit reduces active layer thawing
propagation. Such conditions were observed on the South Shetlands
after 2010 (de Pablo et al., 2017; Ramos et al., 2017) and they were
related to a recent climate cooling (Turner et al., 2016; Oliva et al.,
2017b) and an associated increase in snow precipitation within the AP
region (Carrasco and Cordero, 2020). Similar effect of long-lasting snow
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cover was reported from the Victoria Land where the presence of snow
prevented the active layer from thawing in the summer completely
(Guglielmin et al., 2014a). General cooling of the active layer and
permafrost was further observed in areas where snowpack exceeded 1
m, as reported by Guglielmin et al. (2014b) from Adelaide Island. Ac-
cording to Ramos et al. (2020), permanent accumulation of >4.5 m can
even lead to a complete insulation of the ground from atmosphere,
causing permafrost aggradation and forming a specific subnival thermal
regime of the ground.

This study brings a new perspective on the effect of snow on ground
thermal regime and active layer thickness. We assess the role of a rela-
tively thick ephemeral snowpack that occurred in the high summer 2018
on the area of Circumpolar Active Layer Monitoring site (CALM-S) JGM
on James Ross Island. The objectives of this study are to (i) describe the
spatial variability of snow coverthickness in the study area in January
2018, (ii) assess the differences in ground thermal regime and active
layer thickness between the snow-covered and snow-free sites, and (iii)
determine the effect of ephemeral snowpack on active layer thaw depth.

2. Study area

James Ross Island is located in the north-eastern sector of the AP
(Fig. 1). The northern part of James Ross Island, Ulu Peninsula, consti-
tutes the largest ice-free area in the entire AP. The mean annual air
temperature (MAAT) in the lowland parts of JRI (<50 m asl) was
—7.0 °C in the period 2006-2015 with a positive trend of annual tem-
peratures but a cooling trend in the summer (DJF) months (Hrbacek and
Uxa, 2020). The annual precipitation is estimated to about 300-700 mm
w.e.y'1 (van Wessem et al., 2016, Palerme et al., 2017). Snow cover is
distributed irregularly as indicated by perennial snowfields on lee-slopes
and snow patches around topographic obstacles. Snow thickness in the
flat lowland areas is usually less than 20 cm, but can rarely exceed 40 cm
(Hrbacek et al., 2016, Knazkova et al., 2020). The ice-free area is un-
derlain by continuous permafrost with a modelled temperature between
—4°Cand —8 °C (Obu et al., 2020). The active layer thickness strongly
depends on lithology and varies between 50 and 120 cm (Hrbacek et al.,
2019).

The study site is located on the CALM-S JGM which is the part of a
continental database under code A27 (CALM-S database, 2021). The
area of 80 m by 70 m was established in February 2014 following rec-
ommendations for CALM-S sites proposed by Guglielmin (2006). The
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Fig. 1. Regional setting (left) and the location of CALM-S JGM site (right).
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area comprises diverse geological units, with a Holocene marine terrace
covering ca 80% of the northern part of the site and Cretaceous Whisky
Bay Fm. forming the remaining 20% of the site (Fig. 2). The geological
conditions lead to a variability of general ground physical characteristics
and consequently drive the variability of active layer thaw depth which
is about 20 cm thicker in the southern part underlain by the Cretaceous
sediments (Hrbacek et al., 2017).

3. Material and methods
3.1. Temperature monitoring and data processing

There are two automatic weather stations (AWS) installed within the
CALM-S JGM grid. The fully equipped site AWS-JGM is located in the
part formed by the marine terrace. It provides data on air temperature at
2 m above ground measured by Pt100/8 sensor (accuracy + 0.15 °C)
placed in a radiation shield, and ground temperature measured by
Pt100/8 thermometers (accuracy + 0.15 °C) placed directly in the
ground. The second automatic weather station (AWS-CALM) is installed
in the Cretaceous sediments about 60 m to the west from AWS-JGM and
provides data on ground temperature only. The measurement is con-
ducted by the same thermistors and placed at the same depths as on
AWS-JGM. Missing data in the AWS-CALM record in the period 18
December 2016 to 20 January 2017 were replaced using a multiple
regression according to air and ground temperature data from AWS-
JGM. With regards to the size of the CALM-S JGM area, the air tem-
peratures from AWS-JGM site are considered to be representative also
for AWS-CALM (Hrbacek et al., 2017).

Climate data were analysed for the austral summer periods 2016/17
and 2017/18. Particularly, the following parameters were calculated:

(a) Daily and seasonal mean air and ground temperatures at depths
of 5, 50 and 75 cm;

(b) Thawing degree days of air and (TDD) ground at a depth of 5 cm
(TDDs) calculated as a sum of positive daily temperatures;

(c) Isothermal days at a depth of 5 cm set as an event with the
maximum and minimum daily temperatures within the interval
0.5 °C to —0.5 °C (Guglielmin, 2006).
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Further, we evaluated 30 min variability of air, and ground tem-
peratures at depths of 5, 50 and 75 cm and 2 h variability of snow depth
in the period from 10 January to 25 January 2018. The daily variability
of active layer thickness (ALT) was defined as a maximum daily depth of
0 °C isotherm for the entire period of thawing season and the maximum
seasonal ALT is calculated accordingly.

3.2. ALT measurements

Mechanical probing and ground penetrating radar (GPR) soundings
were used to determine seasonal changes of active layer thickness. Thaw
depths were measured on 31 January and 12 February during the
summer period 2016/17 and on 20 January, 12 and 24 February in the
2017/18 summer period. The gridded sampling design with evenly
distributed nodes at 10 m spacing was used for the probing, which was
carried out at each of the grid nodes with a 1 cm diameter steel rod of
120 cm length. GPR data were collected along nine parallel profiles with
north-south orientation, four profiles (Fig. 2) were selected for a
detailed analysis. GPR sounding was carried out using a shielded 500
MHz antenna and RAMAC CU-II control unit (MALA GeoScience, 2005).
A wheel encoder was used to trig the measurements and control the
distance along the profiles. The time window was set to 54.6 ns and scan
spacing to 0.049 m. GPR data were processed using the REFLEXW
software version 8.5 (Sandmeier, 2017). The depth axis of raw GPR
profiles was converted from the time axis using the wave velocity
determined from thaw depths probed at grid nodes and from the posi-
tion of relevant reflector in GPR scans. The velocity obtained for each
sampling date ranged between 0.071 and 0.094 m ns~! increasing to-
wards the late summer season with decreasing soil moisture (Fig. 3a).
This velocity range and the electromagnetic pulse width yield a
maximum vertical (depth) resolution length of 4-5 cm, assuming a
resolution of one quarter of the GPR signal wavelength (Knapp, 1990).
The position of to the permafrost table is actually determined less pre-
cisely due to changes in water content within active layer associated
with various sediment types, grain size, porosity and compaction (e.g.
Jol and Bristow, 2003). To cover uncertainties in the location of a target,
the vertical resolution is usually approximated by half of the signal
wavelength (Luo et al., 2019), which corresponds to the range of 7-9 cm
in case of the 500 MHz antennae and the above-mentioned velocity

Fig. 2. Study site from the south-west. The white polygon with local coordinates (x;y) in the corners delimits the area of CALM-S JGM, white dotted lines indicate
selected ground penetrating radar profiles shown in Fig. 7, and the yellow dotted line represents the boundary between the geological formations of Holocene marine
terrace and Cretaceous Whisky Bay Fm. Colour points represent positions of ground temperature monitoring profiles. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Linear correlation is observed between mean surficial volumetric water content (VWC) on CALM-S JGM and GPR wave velocities in active layer (A).
Relationship between mean volumetric water content and associated mean ground temperature (GT) at 30 cm (B) and 50 cm (C) depth indicates the temperature

interval of soil water phase change (shaded rectangle).

range. The volumetric soil moisture was set as a mean value of 72
measurements recorded at each grid point of CALM-S JGM within 12 cm
thick subsurface layer of the ground using the HydroSense II measuring
device paired with the CS658 soil-water sensor (Campbell Scientific,
Inc.). Volumetric water content measured by CS650 sensor (Campbell
Scientific, Inc.) in the depths of 30 and 50 cm was used together with
ground temperature records on AWS-CALM to construct the soil freezing
curves. The active layer phase change occurred between —0.1 °C and
—0.6 °C (Fig. 3b, c) reflecting the variability in salt content in the
ground, which may decrease the freezing point temperature nearly by
2 °C (Harris et al., 2018).

3.3. Snow cover observations

A long-term year-round monitoring of snow depths is provided at 2-
hour interval using the Judd (accuracy + 1 cm) ultrasonic sensor
installed at the AWS-JGM since 2011 (Hrbacek et al., 2016). The sensor
is located within 5-meter distance from ground temperature measure-
ment profile. Raw readings from the sensor were corrected against
actual air temperatures following the specification of the manufacturer
(Judd Communication). Snow depth data are available for the summer
season 2017/18 due to sensor failure prior to the summer 2016/17.

The extent of snow cover in the 2017/2018 summer was identified
using an unmanned aerial vehicle (UAV) imagery. DJI Phantom 3 Pro-
fessional was used for the survey at a flight height of 30 m allowing the
ground sample distance of approximately 1.0 cm. Pictures from the UAV
were processed and orthorectified in Metashape (Agisoft) and used for
the delimitation of snow patches in ArcMap 10.4 (ESRI). The spatial
distribution of snow depth was assessed based on the GPR scanning and
mechanical probing. The scanning with a shielded 800 MHz antenna
was carried out along nine parallel GPR profiles designed for ALT
measurements and probing was done at a rectangular array of the
CALMS-S grid nodes with a steel rod covering both the ice-covered and
bare parts of the test site. The signal acquisition time of GPR scanning
was set to 38.1 ns and scan spacing to 0.019 m. The probed snow depths
were used to adjust the position of snow/ground interface in obtained
GPR scans allowing for a precise conversion of time axis to depth. and
interpolation of snow depth using the Radial Basis Function in Surfer 15
(Golden Software).

4. Results
4.1. Air temperatures during the period 2016-2018

Data from the AWS-JGM site provide a general understanding of
climate conditions at the study site over the period 2016-2018. MAAT

ranged from —6.7 °C to —3.9 °C with a mean temperature of —5.5 °C for
the 3-year period. The value of —3.9 °C obtained for the year 2016
represents the highest annual air temperature recorded at the study site
since the beginning of measurements in 2004. The warmest year was
followed by significantly colder year 2017 with the MAAT of —6.7 °C,
which is, however, only 0.1 °C colder compared to the mean air tem-
perature for the period 2004-2018. The year 2018 with the MAAT of
—5.8 °C belongs to warmer years in the AWS-JGM temperature record.

Mean summer air temperatures over the investigated period coincide
within the measurement uncertainty of temperature sensors, varying
between 0.1 °C in 2016/17 and 0.0 °C in 2017/18. Similarly, mean
monthly air temperatures for the warmest month (January) ranged from
0.2 °C (2016/17) to —0.1 °C (2017/18). Mean daily air temperatures
mostly varied between 5.0 °C and —2.0 °C (Fig. 4) and the warmest
period occurred at the turn of January and February in both summer
seasons. Summer TDDj reached 83 °Cdays in 2016/17 and 67 °Cdays in
2017/18 (Table 1).

The most prominent cooling over the summer period 2017/18 was
connected with the snowstorm event that occurred on 13 to 14 January
2018. The air temperature decreased from above-zero values to —5.4 °C
immediately after the snowstorm but remained rather positive with a
mean of 1.0 °C from 16 to 25 January. Fig. 4b shows air temperature
variation during this event and its effect on ground temperatures at snow
covered/snow free sites. While air temperature controlled ground tem-
perature fluctuations at bare ground, it did not affected subsurface
temperatures below the snow cover.

4.2. Ground thermal regime in the summer seasons 2016/17 and 2017/
18

Mean seasonal ground temperatures on AWS-JGM ranged from
4.3 °C (2016/17) and 3.4 °C (2017/18) at a depth of 5 cm to —1.2 °C
(2016/17) and —1.4 °C (2017/18) at a depth of 75 cm. Mean daily
temperatures at a depth of 5 cm were mostly positive with the maximum
values exceeding 10.0 °C in 2016/17 and 8.0 °C in 2017/18 (Fig. 4a).
Isothermal days at a depth of 5 cm occurred only twice in 2016/17,
whereas 9 such days were observed in 2017/18 (Table 1). The summer
TDDs were 398 °C days (2016/17) and 311 °C days (2017/18). The
detailed view on the ground thermal regime in January 2018 (Fig. 4a)
indicates that the temperature at the depth of 5 cm remained between
—0.2°Cand —0.3 °C under the snow cover >10 cm deep. Over the same
period, the ground temperature at the depth of 50 cm decreased from
positive (0.1 to 0.4 °C) to negative values of —0.3 °C. The snowpack
melted earlier at the site of ground temperature measurement than
below the ultrasonic snow depth sensor (Fig. 5). Therefore, the ground
temperature regime shows positive values with typical daily regime
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Table 1

Selected thermal characteristics of air temperature (AT) and ground temperature at a depth of 5 cm (GTs) on AWS-JGM and AWS-CALM in the summer periods 2016/

17 and 2017/18.

Season Period AT TDDA AWS-JGM AWS-CALM
GTs TDDs ITD* GTs TDDs ITD*
2016/17 DJF 0.1 83 4.3 398 2 3.9 354 0
January 0.2 26 4.0 117 0 3.5 101 0
2017/18 DJF 0.0 67 3.4 311 9 3.8 340 1
January -0.1 17 2.8 82 9 3.7 112 1

" ITD = isothermal days.

since 21 January, three days before the snow completely melted.
Different pattern of mean seasonal ground temperatures was
observed on AWS-CALM. While the temperature at a depth of 5 cm
differed only slightly between 3.9 °C (2016/17) and 3.8 °C (2017/18),
the differences in the depths of 50 and 75 cm were greater. Observed
means were 1.5 °C (2016/17) and 0.9 °C (2017/18) at a depth of 50 cm
and —0.1 °C (2016/17) and —0.7 °C (2017/18) at 75 cm. Mean daily
temperatures at a depth of 5 cm only rarely dropped below 0 °C (Fig. 4).
Their seasonal maximums exceeded 8.5 °C (2016/17) and 6.5 °C (2017/
18). Only one isothermal day appeared in the season 2017/18. The
summer TDDs were 354 °Cdays (2016/17) and 340 °Cdays (2017/18).
The ground temperature at the depth of 5 cm dropped to —0.4 °C after
the cooling and snowstorm event in January 2018. However, the tem-
perature ranged from 1.2 °C and 11.1 °C for the rest of the period with
snow presence on AWS-JGM. The temperature at the depth of 50 cm
decreased from 2.2 °C (10 January) to 0.0 °C (16 January), but it
increased rapidly up to 2.0 °C (21 January) as the snow cover melted.

4.3. Snow cover at CALM-S JGM site in January 2018

Snowstorm occurred between 13 January 22:00 UTC and 14 January
4:00 UTC. A relatively short period of 6 hr was sufficient to create snow
cover that reached a maximum depth of 38 cm at AWS-JGM site. The

most rapid thinning of the snowpack was observed on the 16 January
when the snow depth decreased by 8 cm as a result of relatively high air
temperatures that reached 6.0 °C in maximum (Fig. 4b). Snow persisted
until 24 January when the last shallow snowpack (3 cm) melted
(Fig. 4b).

The distribution and thickness of snow were surveyed six days after
the snowstorm, when snow cover extent was reduced to 46% of the
CALM-S JGM area. The ground plan of the snow patch was complex and
snow depth variable (Fig. 5) due to the redistribution by strong wind
during the snowstorm and irregular melting after the storm. Snow drift
produced irregular pattern of elongated zastrugi features and inter-
leaving troughs with the SW-NE orientation. Owing to the drift, snow
depth ranged from 20 to 30 cm on the ridges to less than 5 cm in troughs.
While the maximum snow depths determined at probed profiles was 25
cm, the modelled mean snow depth was 10 cm. Within the snow patch,
wind-blown ground appeared at seven places that increased rapidly in
extent due to the enhanced snowmelt on the margins of bare ground.

4.4. Evolution of ALT during summer seasons 2016/17 and 2017/18

The active layer thawing in 2016/17 begun in early October, while it
started around mid-November in 2017/18. The most rapid thawing
propagation in the early thawing season at the turn of November and
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December was connected with a rapid increase in total TDD5 during this progress was observed on AWS-JGM in January 2018 when the active
period (Fig. 6). Thaw depths were around 50 cm (AWS-JGM) and 65 cm layer refroze completely after a snowstorm. The maximum thicknesses
(AWS-CALM) in mid-December when the thawing propagation started on AWS-JGM reached 66 cm (10 February 2017) and 59 cm (8 January
to slow down (Fig. 6). The most pronounced interruption of thawing 2018). Observed maximums on AWS-CALM were 90 cm (11 February
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2017) and 81 cm (18 February 2018). Total TDDs in thawing seasons
reached 552 °C days (2016/17) and 404 °Cdays (2017/18) on AWS-
JGM. The TDDss on AWS-CALM were 512 °Cdays (2016/17) and
416 °Cdays (2017/18).

The difference in ALT between the two subsequent summer seasons
is clearly visible in Fig. 7 that also reveals relatively even thaw plane
during the summer 2016/17 and its irregular course in January 2018.
The largest interannual difference in thaw depths coincides with those
sections of the scanned profiles that were covered with thick continuous
snowpack during the January 2018 measurement in profiles X20 and
X40 (Fig. 7). Within these sections, the thaw plane is located 20 to 30 cm
higher compared to the snow-free parts of the profiles. The thaw plane
along the predominantly snow-free profile 70 in January 2018 is more or
less parallel to the permafrost table observed in 2017 (Fig. 7). This is also
the case of February measurements in all measured profiles. The
observed discrepancy between zero thaw depth values (Fig. 6) and
detected active layer thickness (Fig. 7) is explained by the fact, that the
actual active layer freezing temperature is lower than 0 °C (Fig. 3b, c).
Therefore, we were able to detect unfrozen active layer even under
negative ground temperature conditions (Fig. 4b).

Spatial distribution of thaw depth for the CALM-S JGM site during
the late summer 2016/17 and 2017/18 is illustrated in Fig. 8. Thaw
depths were more spatially uniform in February 2017 although two
geologically distinct parts of the study area are clearly visible. The
bimodal distribution with prevailing lower ALT (less than80 cm) and

Catena 207 (2021) 105608

thaw depths as high as 115 cm along the southern margin of the study
area have already been observed over the years 2014-16. This large
contrast in thaw depth has been tentatively attributed to different grain
size distribution and moisture content in two sedimentary units within
the study area (Hrbacek et al., 2017). The strongly bimodal pattern can
be seen in the 2018 grid that shows even more pronounced difference in
thaw depths between the two parts. The region of decreased ALT co-
incides with maximum snow depths in January 2018 that is also
consistent with the difference between mean thaw depths over the
period 2014-17 and 2018 grid (Fig. 8D).

5. Interpretation and discussion
5.1. Climate conditions in the study area in the context of previous years

Air temperatures in the study area during the summer periods 2016/
17 and 2017/18 were below long-term (2006-2015) summer average of
0.4 °C reported for the AWS-JGM and nearby Abernethy Flats sites
(Hrbacek and Uxa, 2020). Although the lowest mean air temperature on
CALMS-S site was recorded in the summer 2014/15 (Hrbacek et al.,
2017), the lowest TDDA was observed in 2017/18 (Table 2) indicating a
decrease in a total number of days with prevailing positive tempera-
tures. The mean summer ground temperatures at a depth of 5 cm were
the lowest in the season 2017/18. By contrast to the previous summer
seasons when both summer and January ground temperature was 0.1 to
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Table 2

Variability of mean summer (DJF) of air temperature (AT) and ground tem-
perature (GT) at the depth of 5 cm, thawing degree days of ground (TDDs) and
active layer thickness (ALT) on AWS-JGM and AWS-CALM in the period 2014/
15 to 2017/18.

Season AT GT GT DJF TDDs TDDs ALT ALT
DJF DJF AWS- AWS- AWS- AWS-  AWS-
(O] AWS-  CALM JGM CALM JGM CALM
JGM [{O)] (°Cdays) (°Cdays) (cm) (cm)
(9]
2014/ -0.5 47 4.4 456 418 63 86
15
2015/ 0.4 4.7 4.6 506 478 65 87
16
2016/ 0.1 4.3 3.9 552 502 67 90
17
2017/ 0 3.4 3.8 404 416 59 82
18

* Data according to Hrbécek et al. (2017).

0.5 °C higher on AWS-JGM then AWS-CALM, we observed opposite
pattern during the summer 2017/18. The ground temperature was
0.4 °C (DJF) to 0.9 °C (January) higher on AWS-CALM then AWS-JGM
(Fig. 9). We associated this unusual pattern with the presence of snow
cover during January 2018 which caused the differences of the mean
daily ground temperatures up to 6.0 °C and the 30-min temperatures
even up to 11.4 °C (Fig. 4a, b).

Regardless of relatively cold summer ground surface temperatures,
the thickest active layer and the highest TDDs on both AWS-JGM and
AWS-CALM were observed in 2016/17 (Table 2). This was primarily
caused by unusually warm spring months (September to November) in
the north-eastern part of the AP (Turner et al., 2020). Such conditions
favoured early melting of the active layer in the beginning of October
which started weeks earlier than usually (Hrbacek et al., 2017; Hrbacek
and Uxa, 2020). Sandy soil texture together with lower moisture also
supports warmer surficial conditions on AWS-JGM as documented by
TDDs higher by 28-50 °Cdays than on AWS-CALM. However, TDDs were
12 °C days lower in 2017/18 on AWS-JGM than on AWS-CALM (Fig. 9).

5.2. Snow cover effect on ground thermal regime

Variations in summer air temperature and the length of the thaw
season control ALT but snow cover may reduce it significantly (e.g.,
Guglielmin, 2004; Zhang, 2005; Guglielmin et al., 2012). While a
cooling effect of thick long-lasting snow patches has been reported from
different regions including AP (Guglielmin et al., 2014b; Ramos et al.,
2017, 2020), the influence of thin snow cover that rapidly builds and
melts during the warm period remains poorly known. The ground thaw
depths recorded in January 2018 at the CALM-S JGM site demonstrate a
decrease in active layer thickness underneath ephemeral snow cover
with limited depth that protected the ground surface only for six days
prior to ALT measurements. The initial maximum snow depth of 38 cm
falls within the range of 30-70 cm that is considered sufficient to isolate
the ground from temperature variations (e.g., de Pablo et al., 2017;
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Knazkova et al., 2020). However, the maximum snow depth of 25 cm
observed on the CALM-S JGM at the time of ALT measurements indicates
much lower snow depth over most of the study area. Considering that
ALT thinning was observed far beyond the margin of the snowpack, a
mean snow depth of 10 cm has sufficient influence on the ground
thermal regime. This value is significantly lower than the effective snow
depth of 20 cm considered with respect to the insulation effect of snow
in AP region (de Pablo et al., 2016; Oliva et al., 2017a). This suggests
that main impact of ephemeral summer snow cover on ground tem-
perature results from the strong reflection of solar radiation due to high
albedo of the snow surface rather than from the insulating effect of a thin
snowpack.

The largest impact of ephemeral snow cover on thaw depths in the
study area can be seen underneath thick continuous snowpack in pro-
files X20 and X40 (Fig. 7), where active layer thinning reaches 20 to 30
cm. By contrast, a slight overall decrease (lower than 10 cm) in ALT was
observed along profile X50 across irregularly thick snowpack with
frequent holes and at predominantly snow-free profile X70 (Fig. 7. The
difference in thaw depths between snow-covered and bare surface de-
creases rapidly after the snowmelt. The snow cover disappeared from
the study area on 24 January and measurements from 12 February
reveal the unimodal distribution of ALT. The rapid restoration of a more
or less uniform thaw plane results from the combination of relatively
high air temperatures and an enhanced conduction of heat from the
ground surface due to meltwater percolation (sensu de Pablo et al., 2014;
Farzamian et al., 2020). The influence of ephemeral snow cover on thaw
depths is apparent in the timing of the maximum ALT on snow-covered
and bare sites. Whereas the maximum ALT on snow-affected AWS-JGM
site was observed before the snowstorm event on 9 January, the ALT
maximum on a snow-free site occurred on 18 February. The later
culmination of the thaw depth at the snow-free site coincides well with
the timing of the maximum ALT in previous summer seasons which is
typically around mid-February (Hrbacek et al., 2017).

The ground temperatures recorded at the CALM-S JGM indicate that
ephemeral snow cover may also affect thermal regime of the active
layer. As Fig. 4 shows, the presence of snow cover with an initial depth of
38 cm eliminates diurnal temperature fluctuations down to a depth of
50 cm and results in a substantial decrease in the mean daily ground
temperatures. The mean monthly ground surface temperature in
January is reduced by nearly one degree below the snow cover (with the
depth decreasing from 38 to 12 cm over six days) compared to the bare
surface (Tables 1 and 2). Although the net cooling effect of ephemeral
snow over the summer season is limited, the number of isothermal days
increases and TDDs5 are reduced by ca 10% compared to snow-free
summer seasons (Tables 1 and 2). This is in line with the reported
insulating effect of snow patches that persist over the warm season in

: | | -100
2016/17 2017/18

between AWS-JGM and AWS-CALM in the period 2014/15 to 2017/18. Data from

permafrost conditions (de Pablo et al., 2017). Guglielmin et al. (2014b)
and Oliva et al. (2017a) reported a cooling of the ground surface and a
reduced magnitude of ground temperature fluctuations on Adelaide Is-
land, western AP; and Livingston Island, north-western AP, respectively.
De Pablo et al. (2017) observed an increase in the minimum ground
surface temperatures below quasi-permanent snow patches on Living-
ston Island, north-western AP. The observed changes in recorded ground
temperatures confirm that the presence of snow cover may be more
important for the active layer refreezing and thaw plane position than
summer temperatures (Zhang, 2005; de Pablo et al., 2017; Ramos et al.,
2017). This also implies that the seasonal active-layer measurement
should not be done immediately after summer snowfall events.

5.3. Assessment of the results in a wider regional context

The previous studies on JRI considered the winter snowpack as too
thin and temporally unstable to create a sufficient insulation layer on the
ground (Hrbacek et al., 2016). This is mostly because of dynamic
weather conditions during winter and prevailing strong southern winds
which remove the snow from flat surfaces resulting in its irregular dis-
tribution within the terrain (Kavan et al., 2020). In specific conditions of
long-lasting snow accumulations, a snowpack >30 cm deep causes
isothermal regime of ground temperature during the winter months
(Knazkova et al., 2020).

Most of the studies dealing with relationships between snow and the
ground thermal regime in Antarctica are located in the South Shetlands
in the north-western AP. The oceanic climate makes this part of AP one
of the wettest regions in Antarctica with precipitation rates of >1000
mm yr’1 (Carrasco and Cordero, 2020). This results in high annual net
snow accumulation and snow cover depth, with mean values of about
0.5 m (de Pablo et al., 2017). Such snowpack can cause a significant
warming of the ground compared to windswept areas (Oliva et al.,
2017a). As the northern AP is located in border conditions between
continuous and discontinuous permafrost (Bockheim et al., 2013; Obu
et al., 2020), regular and thick snowpack in the winter months can lead
to permafrost degradation (Hrbacek et al., 2020). On the other hand,
mean annual air temperature has decreased at a statistically significant
rate since the beginning of the 20th century, with a most rapid cooling
during the summer season (Turner et al., 2016, Oliva et al., 2017b). This
was reflected in an increase in the number of snowfall events on the
north-western side of the AP since the mid-2010s during the summer
period (Carrasco and Cordero, 2020). Despite the fact that the trends in
the annual total of precipitation from extreme precipitation events over
1979-2016 are small (Turner et al., 2019), positive trends in the pre-
cipitation total and summer snowfall events may result in a more
frequent accumulation of ephemeral snow cover with a temporary
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cooling effect.

This study brings new insight into the functioning of the snow cover
in relation to active layer thickness. So far, the active layer thinning was
attributed mostly to long-lasting snow accumulation which prevented
active layer thawing during the early warm season. Therefore, its thin-
ning was directly related to the shortening of the thawing season (Ramos
et al., 2017; de Pablo et al., 2017). Consequently, the long-term active
layer thinning rate was more likely connected with an increased dura-
tion of the snow cover in the northwestern AP, rather than with the
climate variability during summer months (Ramos et al., 2017, 2020). In
other Antarctic regions, like Victoria Land, snowpack can persist for an
entire summer and completely prevent active layer thawing (Guglielmin
et al., 2014a). However, the ephemeral snowpack’s role in summer has
not been described yet from neither Antarctic nor Arctic regions. The
influence of summer snowfalls and related snowpack on the thermal
regime and thickness of the active layer has been reported from alpine
areas (Magnin et al., 2017; Zhao et al., 2018; Mena et al., 2021), but
snow and ground conditions in the mountains differ strongly from those
in high latitudes (Hoelzle and Gruber, 2008). Usually, the period of high
summer is characterized by a low snowfall intensity and predominantly
bare ground surface in ice-free areas across Antarctica. Therefore,
snowfall events leading to an accumulation of >30 cm deep snow cover
are scarce in this region and the snow control on ground thermal regime
is primarily related to its high albedo.

6. Conclusions

This study brings a new perspective on the effect of snow cover on
active layer thermal regime and thickness in the Antarctic Peninsula
region. The recent research deals mostly with the role of winter or
permanent snow cover, whereas the role of ephemeral snow occurring
during the high summer was not documented at all in Antarctica. This
study shows that even short-term presence of a relatively thick snow
cover during the high summer can significantly affect active layer
thermal regime and thawing propagation. Considering the observations
from 2017/18 within the context of the snow-free seasons with similar
air temperature conditions, the ephemeral snow cover considerably
affected the ground thermal regime and active layer thickness. The
magnitude of the snow insulation effect was controlled by the snow
depth and duration of snowpack. The observed snowpack with an initial
snow depth of 38 cm lasted for 12 days during the high summer season.
Below the ephemeral snow cover, the diurnal temperature fluctuations
were limited down to a depth of 50 cm, thaw depths decreased by nearly
20%, the maximum active layer thickness was observed almost six
weeks prior to the maximum on a snow-free site, and the mean monthly
ground temperature was reduced by nearly one degree compared to the
snow-free surface. The number of isothermal days increased and TDDsg
were reduced by ca 10% in the presence of snow cover.
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Abstract

Soil moisture represents one of the crucial parameters of the terrestrial environments in
Antarctica. It affects the biological abundance and also the thermal state of the soils. In
this study, we present one year of volumetric water content and soil temperature meas-
urements on James Ross Island, Nelson Island and King George Island. The volumetric
water content at all sites increased with depth. The mean summer values were between
0.24 and 0.37 cm’/cm’ (James Ross Island), 0.30 and 0.40 cm’/cm’ (Nelson Island) and
0.11 and 0.36 cm’/cm’ (King George Island). We found that the freezing point of the
soils was close to 0°C on Nelson Island and King George Island. We attributed the lower
temperature of soil freezing around -0.5°C on James Ross Island to the site location
close to the sea. Even though the sites are located in the distinctive climate zones and
comprise of contrasting soil types, the only differences of moisture regime were ob-
served the surficial layer of the studied sites.

Key words: soil moisture, soil thermal regime, permafrost, freeze-thaw processes
DOI: 10.5817/CPR2023-1-2

Introduction

Antarctic terrestrial environments occu-
py only about 0.5% of the whole conti-

Soil moisture is an important parameter
driving the dynamics of the periglacial

nent (Brooks et al. 2019). One of the most
important parameters which can affect eco-
logical and geomorphological processes in
these areas is the availability of liquid wa-

environment. Many of the geomorphologi-
cal landforms and features are the result of
frost weathering or freeze-thaw processes.
Moreover, soil moisture acts as an impor-

ter in the summer months. tant driver affecting soil thermal regime,
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heat transfer and active layer seasonal
thawing (e.g. Farouki 1981, Clayton et
al. 2021). Even though an increase of
soil moisture usually leads to an increase
in soil thermal conductivity (e.g. Farouki
1981, Abu-Hamdeh and Reeder 2000,
Wessolek et al. 2023), it increases the
amount of latent heat necessary for the
phase change at the same time. As a con-
sequence, the active layer tends to be thin-
ner under moist conditions (e.g. Clayton et
al. 2021).

Besides being an important land-form-
ing parameter, soil moisture is obviously
one of the most important ecological fac-
tors and one of the major drivers of the
Antarctic vegetation abundance (Kennedy
1993, Ugolini and Bockheim 2008, Royles
et al. 2013, Guglielmin et al. 2014). Yet,
the particular limits of soil water content
and seasonal dynamics favouring vegeta-
tion presence are unknown. The shortage
of available liquid water can lead to a
rapid worsening of vegetation condition as
was observed over a 13-year period in East
Antarctica (Robinson et al. 2018).

The knowledge on soil moisture in Ant-
arctica is mostly limited to the area of
McMurdo Dry Valleys where general soil
research is carried out in the last few dec-
ades (e.g. Hrbacek et al. 2023). The vast
majority of soils in the McMurdo region
are very dry with water content lower than
5% (Seybold et al. 2010). The zones with a
clearly distinguishable moisture regime are

Study sites

The study sites are located on James
Ross Island in the north-eastern part of
Antarctic Peninsula region and on Nelson
Island and King George Island in the
South Shetlands (Fig. 1). There is a cli-
mate contrast between the study sites. The
South Shetlands have oceanic climate with
a mean annual air temperature around
-2.0°C (e.g. Turner et al. 2020) and annual
precipitation around 500-1000 mm, during
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called water tracks and form specific eco-
systems of the McMurdo region promoting
also the abundance of biota or microbial
diversity (Levy et al. 2011, Wlostowski et
al. 2018, George et al. 2021). In the Ant-
arctic Peninsula region, soil moisture was
monitored on some sites in the South Shet-
lands area. Higher moisture content was
observed on sites below vegetation as com-
pared to bare ground on King George Is-
land (Almeida et al. 2014). On Robert
Island, moisture content was identified as
an important factor affecting the variabili-
ty of soil CO, flux (Thomazini et al. 2020).
A thorough examination of soil mois-

ture variability therefore represents one of
the challenges and an important step for
the advance in Antarctic soil research in
general (Horrocks et al. 2020, Hrbacek et
al. 2023). The aim of our study is to evalu-
ate the general patterns and variability of
volumetric soil water content (VWC) meas-
ured on three sites with diverse climate
conditions and lithological propertiesin
the northern Antarctic Peninsula region
(James Ross Island, Nelson Island and
King George Island) in the period 2022-
2023. Particularly we focus on:

1) Assessment of seasonal variabili-
ty of soil moisture on each site;

2) Evaluation of vertical changes of
soil moisture;

3) Determination of freeze-thaw be-
haviour of soils.

summer even in the liquid form (e.g. Kej-
na et al. 2013). In contrast, the climate
conditions on James Ross Island are semi-
arid polar continental with mean annual
temperature around -6.0°C (Kaplan Pasti-
rikova et al. 2023) and the precipitation
estimated between 300 and 700 mm, most-
ly in the snowy form (van Wessem et al.
2016).
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James Ross Island

Located off the north-eastern coast of
the Antarctic Peninsula, James Ross Island
has a total area of approximately 2400 km?,
a quarter of which is currently ice-free.
The largest continuous ice-free area on the
island and also within the whole northern
Antarctic Peninsula region is called the
Ulu Peninsula and extends over 300 km’
in the northern part of James Ross Island.
The deglaciation of this part of James Ross
Island dates to around 12 900 ka ago (Ny-
vt et al. 2014). The area is underlain by
continuous permafrost, thickness of which

Nelson Island

The total area of Nelson Island is
165 km?, of which 95% is covered by ice
sheet and only around 8 km” is ice-free,
scattered into multiple small ice-free areas
along the coast. One of the ice-free areas,
the Stansbury Peninsula, is located in the
northern part of Nelson Island and covers
approximately 2.89 km?* (Meier et al. 2023).
Nelson Island lies in the zone of sporadic
permafrost (Bockheim et al. 2013), with
mean annual ground temperatures around
0°C (Obu et al. 2020).

The study site is located in the central

King George Island

Barton Peninsula is the second largest
ice-free area of King George Island with
an area of 10 km” and was exposed after
the retreat of Collins Glacier that started at
15 ka ago (Oliva et al. 2019). The exposed
surface is composed of stratified volcanic
rocks (andesites) and a plutonic intrusion
(Birkenmajer 1989, Hwang et al. 2011).

The study site is located approximately
20 meters away from the King Sejong
Station borehole, which was installed at
127 m a.s.l. in bedrock and reaches a depth
of 13 meters. It is also is situated in close
proximity to the Automated Electrical Re-

has been estimated to 67 meters (Borzotta
and Trombotto 2004).

The study site is located approximately
100 meters from the Czech Antarctic
research station Johann Gregor Mendel in
the northern coast of the Ulu Peninsula. It
is situated on a Holocene marine terrace,
overlying the Cretaceous sedimentary rocks
of Whisky Bay Formation ([1]), character-
istic by predominantly flat or gently slop-
ing terrain. The soil is comprised of a
loose, fine-grained sediment of prevailing
sandy texture (Stachon et al. 2014).

part of the Stansbury Peninsula, on a pla-
teau with multiple lakes. The closest lake
is ca. 50 m far from the study site. Geo-
logically, the area is formed by volcanic
rocks, mainly basalts, andesites and tuffs
(Smellie et al. 1984). The relief of the
interior part of Stansbury Peninsula forms
a transition between paraglacial and peri-
glacial domain, with moraines, lakes and
patterned ground as dominant landforms.
Soils in the study area are classified as
clay loam to sandy loam with low organic
matter content (Meier et al. 2023).

sistivity Tomography (A-ERT) setup aimed
to the detection of active layer freeze—thaw
dynamics using quasi-continuous electrical
resistivity tomography (Farzamian et al.
2020). The ground itself is composed of a
diamicton, featuring angular boulders and
gravels embedded in a sandy-silty matrix.
Periglacial processes occur with the for-
mation of stone circles, solifluction lobes,
and striped ground. Based on the A-ERT
data (Farzamian et al. 2020), the estimated
thickness of the active layer in the soils is
approximately 1—1.5 meters.
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James Ross Island

King George Island

Nelson Island

Fig. 1. Regional setting and study sites.

Methods

We used VWC data from three pro-
files located on James Ross Island, Nelson
Island and King George Island (Fig. 1,
Table 1). At all sites, VWC was measured
by three time-domain reflectometry sen-
sors CS655 (Campbell Sci.) with an ac-
curacy of 3% placed at different depths
connected to Microlog SDI-MP datalogger
(EMS Brno). The measurement and stor-
ing interval was 60 minutes. With the re-
spect to the local conditions, the sensors
were installed both in horizontal and ver-
tical position (Table 1). Besides VWC,
the CS655 sensors also provide data of
soil temperature with an accuracy between
+0.1°C (range 0°C to +40°C) and +0.5°C
(full temperature range).

The daily VWC data are represented by
a single measurement obtained at 16:00
UTC, which corresponds to the midday in
local time of the study sites. The VWC
variability was studied only for the un-
frozen conditions defined by the mean
daily ground temperature > 0°C. In case
of frozen ground (ground temperature
< 0°C), we consider VWC as approximate
value of unfrozen water content (e.g. Zhou
et al. 2014)

Finally, we used hourly data of VWC
and ground temperature to construct the
soil freezing curve for both phases of soil
freezing and soil thawing at the bottom-
most sensors.

Study site Installation depth [cm] | Measurement period | Elevation
James Ross Island | 5", 30", 50" cm 1/1/2022-28/2/2023 10 m
Nelson Island 5", 20-30", 50-60" cm | 1/1/2022-2/2/2023 30 m
King George Island | 10", 20-30", 60" cm 23/2/2022-7/2/2023 | 127 m

Table 1. Description of the study sites. Note: " —

placement of the sensor.
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Results

Variability of soil moisture and temperature

James Ross Island

Mean VWC on James Ross Island with-
in the study period for the unfrozen soil
was 0.24 cm’/cm’ in 5 cm depth, ranging
from the minimum of 0.13 to the maxi-
mum of 0.30 cm’/cm’. Both the mean and
the minimum and maximum values in-
crease with depth, so that in 50 cm depth,
mean VWC reached 0.33 cm’/cm® and the
minimum and maximum were 0.28 and
0.37 cm’/cm’, respectively. The amplitude
between the minimum and maximum de-
creased with depth, from 0.17 cm’/em’ in
5 cm depth to 0.09 cm?/ecm’ in 50 cm depth
(Table 2).

Nelson Island

Closely below ground surface at 5 cm
depth, mean VWC on Nelson Island
reached 0.30 cm’/cm’ and increased with
depth, to 0.34 cm’/cm’ in 20-30 cm and
0.40 cm’/cm’ in 50 cm depth. The maxi-
mum observed in 5 and 20-30 cm depths
were similar to each other, while in 50 cm
depth the maximum was higher and
reached 0.51 cm’/cm’. The amplitude of
fluctuations in VWC decreased with depth,
with over 0.32 cm’/cm’ in 5 c¢cm to ap-
proximately 0.20 cm*/cm’ in 50 cm depth
(Table 2).

King George Island

Mean VWC in 10 cm depth on King
George Island site was 0.11 cm’/cm® and
exhibited pronounced differences between
the upper and lower layers of soil, with
mean VWC more than three times higher
at 60 cm depth (0.36 cm’/cm’). The am-
plitude of the fluctuations was highest in
20-30 cm depth, with maximum and mini-
mum values of 0.39 and 0.08 cm’/cm’,

Ground temperature in 2022 reached an
average of -3.22°C at 5 cm below surface
and decreased with depth to -3.79°C at
50 cm depth. Maximum and minimum tem-
peratures of 10.5°C and -21.1°C, respec-
tively, were observed close to ground sur-
face at 5 cm depth, with temperature ampli-
tude spanning over 31°C. The absolute val-
ue of recorded temperature extremes de-
creased with depth as well as the ampli-
tude between maximum and minimum
(Table 3). The thawing period of 2021/2022
ended on March 13", while the thawing pe-
riod of 2022/2023 began on November 6.

Mean annual ground temperatures in
2022 were above 0°C throughout the whole
profile, ranging from 0.3°C at 5 cm depth
to 0.1°C in 50 cm depth. The absolute
value of maximum and minimum observed
temperature decreased with depth, same as
the amplitude of temperature fluctuations,
from over 15°C on top to approximately
6°C in the bottom part of the profile (Ta-
ble 3). The thawing period of 2021/2022
ended on April 25™, 2022 and the thawing
period of 2022/2023 began on November
18" 2022.

respectively. In contrast, the difference be-
tween maximum and minimum VWC in
60 cm depth reached only 0.03 cm’/cm’
(Table 2).

Mean ground temperature during the
period from February 23", 2022 until Feb-
ruary 7", 2023 reached -0.7°C in 10 cm
depth and slightly decreased with depth
down to -1.0°C in the bottommost part of
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the profile. The temperature amplitude de-
creased with depth, ranging from over
10°C on the top to approximately 6°C
in 60 cm depth (Table 3). Similar to the

Nelson Island site, the thawing period of
2021/2022 ended on April 26", 2022 and
the thawing period of 2022/2023 began on
November 18", 2022.

Sensor VWC nean VWCnax VWCin
depth [em’/cm’] [em’/cm’] [em’/cm’]
James Ross 5 cm 0.24 £0.03 0.30 0.13
Island 30 cm 0.27 +0.06 0.37 0.20
50 cm 0.33+0.03 0.37 0.28
Nelson Island | 5cm 0.30+0.07 0.47 0.15
20-30 cm 0.34+0.04 0.46 0.28
50 cm 0.40 + 0.04 0.51 0.30
King George 10 cm 0.11+0.05 0.19 0.04
Island 20-30 cm 0.18+0.06 0.39 0.08
60 cm 0.36+0.01 0.38 0.35

Table 2. Volumetric water content variability at various depths for the three study sites.

Sensor GTean GTax GTin TPena TPyeart
depth [°C] [°C] [°C]
James | Scm 3.2 10.5 21.0 | 13/03/2022 | 06/11/2022
Ross 30 cm 3.7 4.8 -15.1
Island 75 3.8 1.9 “11.8
Nelson | 5cm 0.3 6.5 8.6 | 25/04/2022 | 18/11/2022
Island ' 2030 cm 0.2 5.0 5.4
50 cm 0.1 3.4 22
King 10 cm 0.7 3.5 6.6 | 26/04/2022 | 18/11/2022
George | 2030 cm 0.9 2.6 5.4
Island ¢ 1.0 1.1 4.6

Table 3. Ground temperature variability at various depths with the dates of the end of thawing
period 2021/2022 and the beginning of thawing period 2022/2023 for the three study sites.

Soil freeze-thawing characteristics
James Ross Island

The period of soil freezing occurred be-
tween March 16™ and April 7", 2022 on
James Ross Island. The temperature of the
soil during zero-curtain period was -0.5°C.
The more pronounced decrease of soil mois-

15

ture to the values below 0.3 cm’*/cm’ was
visible around March 28", 2022 (Fig. 3)
which was in ca 2/3 of zero-curtain phase
duration.
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As indicated by the soil freezing curve,
the inflection point representing the begin-
ning of the soil freezing process is for
the values of 0.3 cm’/cm’ and -0.45°C for
moisture and temperature, respectively.
The residual (unfrozen) water content is
around 0.15 cm*/cm’ for the temperature

Nelson Island

Soil freeze-thaw curves on the Nelson
Island site were distorted by the fact that
the sensor at the bottommost level was
and still is placed in the vertical position.
Therefore, during freezing and thawing,
the soil temperature sensor is above or
below the freeze-thaw front. Therefore, we
observed the initial patterns of soil phase
change represented by a decrease of soil
moisture from 0.45 to 0.37 cm’/cm’ under
measured temperature of 0.1°C (Fig. 4).
The pronounced decrease of moisture from
0.37 to 0.32 cm’/em’ occurred between

-2.0°C. The soil thawing process was rela-
tively fast. The thawing zero-curtain pe-
riod occurred within a short period be-
tween December 10™ and 15", 2022 (see
Fig. 3) when temperature was kept around
-0.6°C and VWC around -0.23 cm’/cm’.

May 9™ and 14", 2022 when temperature
dropped from 0.1 to -0.1°C. Notably, the
values of unfrozen water content remain
around 0.25 to 0.27 cm’/cm’ over the
whole winter season (Fig. 2). During the
thawing phase, VWC exhibited the highest
increase during a short period between
November 17" and 18", 2022. We assume,
that the sudden increase in temperature
from -0.1 to 0.1°C might be conditioned
by the sensor parameters. Yet, the change
is within the accuracy of the sensor.
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Fig. 4. The variability of VWC and soil temperature on Nelson Island during the freezing and
thawing phase.

King George Island

The zero-curtain period ended on May (Fig. 5). Soil freezing process starts at the

9™ 2022 when a clear and rapid decrease

temperature closely below 0°C. The stable

of soil temperature and moisture started frozen soil is around temperature -0.5°C
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with a residual water content of 0.14 cm?/
cm’. The soil thawing process begun on
December 15™, 2022 when soil moisture
started to increase considerably and ended
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on December 27", 2022 when the moisture
values have stabilized. The temperature dur-
ing the thawing process was between -0.2
and -0.05°C (Fig. 5).

Temperature (°C)

Fig. 5. The variability of VWC and soil temperature on King George Island during the freezing

and thawing phase.

Discussion

The study sites are located in the parts
of Antarctic Peninsula with distinctive air
temperature average (e.g. Oliva et al. 2017,
Turner et al. 2020), precipitation rates (e.g.
van Wessem et al. 2017, Palerme et al.
2017) and the overall soil thermal condi-
tions (e.g. Hrbacek et al. 2023). Yet, the
VWC variability on the study sites exhib-
ited a relatively similar pattern. The high-
est VWC was observed on Nelson Island,
on the side of the Antarctic Peninsula with
higher annual precipitation rates and the
soils with relatively find matrix favouring
the soil retention. The lowest VWCs were
observed on Barton Peninsula, which we
mostly associated with the gravelly matrix
of the study site (Fig. 1; Farzamian, per-
sonal communication).

Notably, the site on James Ross Is-
land, which is often classified as semi-arid
polar-continental climate zone (Martin and
Peel 1978), had also relatively high VWCs
reaching up to 0.37 cm’/cm’. However,

when compared to the hyper-arid climate
conditions typical for McMurdo Dry Val-
leys where soil moisture is very often
lower than 0.05 cm’/cm’® (Seybold et al.
2010, Levy et al. 2011), VWC data from
AWS-JGM site indicate relatively humid
soils. Indeed, the analysis of gravimetric
water content on other sites on James Ross
Island showed that the moisture content
can be 7 to 12% than on AWS-JGM (Hrba-
Cek et al. 2019).

All of the study sites followed a similar
pattern of increasing moisture with in-
creasing depth. Such a pattern is typical
for the moisture profiles in permafrost
affected areas where the frozen soil creates
an impermeable layer and the moisture is
accumulated at the base of the active layer
(e.g. Shur et al. 2005, Andresen et al.
2020). We attribute the differences be-
tween the maximum seasonal water con-
tent values mostly to the differences in soil
texture. The sites on Nelson Island and
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James Ross Island are comprised of soils
with relatively high content of fine mate-
rial (Stachon et al. 2014, Meier et al. 2023)
which creates favourable conditions to
keep a relatively high amount of soil water
even in the surficial part of the profile. The
gravelly matrix in the topmost part of soil
on King George Island has a low capa-
bility to keep the water (e.g. Scheinost et
al. 1997) which is transported downwards
through the soil profile and accumulated
above the permafrost table (e.g. Andresen
et al. 2020).

The beginning of the thawing season
showed different patterns of VWC when
all three sites are compared. A VWC re-
gime with a pronounced short-term maxi-
mum peak was observed on Nelson Island
and was very likely caused by the infil-
tration of snowmelt water which very of-
ten lead to full water saturation (e.g.
Mohammed et al. 2019). We assume that
some meltwater infiltration occurred also
on King George Island, as the VWC val-
ues at top and middle sensors were twice
higher than at the end of the thawing
season 2022 (Fig. 2). The overall occur-
rence of snow on Nelson and King George
Islands is also suggested by the isothermal
ground thermal regime prior to the zero-
curtain period, which is one of the indi-
cators of snow presence (e.g. Zhang 2005,
Oliva et al. 2017). In contrast, the initial
thawing on James Ross Island does not
show any signs of possible snowmelt infil-
tration. The VWC values in the beginning
of thawing season 2022/23 are even lower
than they were at the end of the thawing

Conclusion

This study brings the first results from a
newly established network for soil mois-
ture monitoring in the northern Antarctic
Peninsula region. Even though the distinc-
tive conditions between oceanic climate on
South Shetlands and semi-arid climate on
James Ross Island create a prerequisite for
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season 2021/22. The moisture loss during
winter was ca. 0.02 to 0.05 cm*/cm’

The soil freezing curves reveal that the
freezing temperature is very close to 0°C
on the sites on Nelson and King George
Island, whereas the freezing temperature
on James Ross Island was around -0.5°C.
We suppose that the major reason is the
close proximity to the sea and the fact, that
the site is located on the marine terrace
presumably exhibiting some level of salini-
ty. A laboratory experiment found that salt
content lower than 0.5% is sufficient to
decrease the freezing point to -1.0°C in
sandy soils (Bing and Ma 2011). The soil
freeze-thawing hysteresis exhibited typical
loop with higher VWC values in freezing
phase than thawing at all sites (Devoie et
al. 2022).

We also detected noticeable values of
unfrozen water content especially on Nel-
son Island, where the VWC during winter
did not dropped below 0.25 cm’/cm’ at
the depth of 50 cm. Even though the TDR
are considered to slightly overestimate the
amount unfrozen water content (e.g. Wata-
nabe and Wake 2009), the absolute value
of overestimation of non-calibrated sen-
sors was found lower than 0.05 cm®/cm’
in many studies (e.g. Watanabe and Wake
2009, Zhang et al. 2011, Zhou et al. 2014).
High amount of unfrozen water content
in the frozen ground can increase the heat
transport and generally promote the perma-
frost thawing (e.g. Romanovsky and Os-
terkamp 2000, Oldenborger and LeBlanc
2018).

distinctive soil moisture regime, the obser-
vation shows rather small differences be-
tween study sites. In absolute values, the
moistest site was Nelson Island where soil
moisture exceeded 0.50 cm’/cm’, which
can be related to the overall moist climate
and fines soil matrix favouring water re-
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tention. The moisture values on King
George Island and James Ross Island were
comparable in the bottommost zone. We
assume that the lowest moisture in the top
layer on King George Island was attributed
to coarse and highly permeable soils.
Importantly, we observed a noticeable
amount of unfrozen water content at all of

can significantly promote heat transfer to
the ground and favour the active layer
thickening. Therefore, mainly in the bor-
der conditions of permafrost presence on
the South Shetlands, the variability of soil
moisture can be one of the crucial pa-
rameters affecting the distribution of ac-
tive layer thickness and permafrost.

the sites. High amount of unfrozen water
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The knowledge of soil thermal properties is important for determining how a soil will behave under changing
climate conditions, especially in the sensitive environment of permafrost affected soils. This paper represents the
first complex study of the interplay between the different parameters affecting soil thermal conductivity of soils
in Antarctica. Antarctic Peninsula is currently the most rapidly warming region of the whole Antarctica, with
predictions of this warming to continue in the upcoming decades. This study focuses on James Ross Island, where
the Abernethy Flats automatic weather station is located in a lowland area with semi-arid climate. Air and
ground temperature, soil heat flux and soil moisture during the thawing season were monitored on this site from
2015 to 2023. Moreover, two approaches to determining soil thermal conductivity were compared — laboratory
measurements and calculation from field data. During this period, mean annual temperatures have increased
dramatically for both air (from —6.9 °C in 2015/2016 to —3.8 °C in 2022/2023) and ground (from —6.5 °C to
—3.2 °C), same as active layer thickness (from 68 cm to 95 cm). Average soil thermal conductivity for the
thawing period reached values between 0.49 and 0.74 W/m.K ! based on field data. Statistically significant
relationships were found between the seasonal means of volumetric water content and several other parameters —
soil thermal conductivity (r = 0.91), thawing degree days (r = —0.87) and active layer thickness (r = —0.88).
Although wetter soils generally have a higher conductivity, the increase in temperature exhibits a much stronger
control over the active layer thickening, also contributing to the overall drying of the upper part of the soil
profile.

1. Introduction mineralogical composition, dry bulk density, texture and organic matter

content (e.g., Farouki, 1981; Abu-Hamdeh & Reeder, 2000), others can

Soil thermal conductivity represents one of the key physical pa-
rameters of the ground affecting the active layer thawing in the polar
regions (Farouki, 1981). Soils with different thermal conductivity typi-
cally exhibit distinct thawing patterns since the layer of soil can either
work as an insulator or accelerate the thawing. Soils in the permafrost
regions are sensitive to disturbances which can have far-reaching con-
sequences (e.g., de Bruin et al., 2021; Cannone et al., 2021). The ongoing
changes in these environments will likely result in the shifts of some of
the factors affecting soil thermal properties, which in turn will
contribute to changes in thawing patterns and, in extreme cases, might
even lead to permafrost degradation. It is therefore of key importance to
better integrate soil thermal conductivity with existing models of
permafrost development (Li et al., 2023).

There are several factors which determine the thermal conductivity
of a particular soil. Some of these are inherent to the soil, such as its
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to an extent vary over time, such as salinity and water content. Also,
soils in frozen state tend to exhibit higher values of soil thermal con-
ductivity than soils in unfrozen state due to the higher thermal con-
ductivity of ice when compared to water (0.54 W/m.K~! for water at
4°Cand 2.22-2.35 W/m.K ! for ice; Yershov, 1998). However, of these
factors, as the one generally considered the most important in moder-
ating in-situ variability of soil thermal conductivity, water content has
received the most attention. Numerous studies have concluded that a
rise in water content of the soil typically leads to an increase in soil
thermal conductivity (e.g., Abu-Hamdeh & Reeder, 2000; O’Donnell
et al., 2009; Rasmussen et al., 2018 Schjgnning, 2021; Wessolek et al.,
2023), which can facilitate heat transfer into the deeper levels of the
ground. On the other hand, higher amount of soil water in permafrost
affected soils increases the necessity of incoming heat for the phase
change between water and ice. Consequently, active layer tends to be

Received 15 May 2023; Received in revised form 4 October 2023; Accepted 26 October 2023

Available online 2 November 2023
0341-8162/© 2023 Elsevier B.V. All rights reserved.


mailto:michaelaknazkova@gmail.com
www.sciencedirect.com/science/journal/03418162
https://www.elsevier.com/locate/catena
https://doi.org/10.1016/j.catena.2023.107640
https://doi.org/10.1016/j.catena.2023.107640
https://doi.org/10.1016/j.catena.2023.107640
http://crossmark.crossref.org/dialog/?doi=10.1016/j.catena.2023.107640&domain=pdf

M. Knazkova and F. Hrbacek

thinner in the moist soils regardless of their higher thermal conductivity
as opposed to dry soils (Clayton et al., 2021) and less freeze-thaw cycles
were observed in wetter soils (Wlostowski et al., 2017). Thus, the
presence of unfrozen water content in fine-grained soils might actually
slow down or even prevent permafrost degradation (Nicolsky & Roma-
novsky, 2018).

Currently, there are many approaches on how to estimate or measure
soil thermal conductivity. In general, the three major groups are i) direct
measurements in the field or a laboratorys; ii) calculations based on the
Fourier law of heat transfer based on measurements of soil temperature
and heat flux and iii) calculations using theoretical or empirical models
based on soil physical properties. Each of these general approaches
present their own challenges and limitations and encompass many
different methods and equations developed during the past several de-
cades. As a conclusion, there is not a general agreement on which
method generates the most accurate results across a wide variety of soil
types. For example, Wessolek et al. (2023) compared 10 models
concluding that the pedo-transfer functions models based on De Vries
(1963) and Brakelmann (1984) approaches had the best performance. In
contrast, He et al. (2020) preferred the models based on Kersten
empirical function (Kersten, 1949).

In permafrost regions, soil thermal conductivity is a parameter used
in many models for active layer thickness (ALT) or permafrost temper-
ature calculation (Riseborough et al., 2008). Therefore, the knowledge
of its natural variability can provide important information allowing for
a substantial increase in the model accuracy. Li et al. (2023) suggest that
the rate of permafrost degradation on the Qiangtang plateau in China is
twice of that previously calculated, once improved parametrisation for
soil thermal conductivity is considered. Similarly, an uncertainty in the
parametrisation of soil thermal conductivity of Antarctic soils is one of
the reasons why the continental predictions of temperature on the top of
permafrost had a lower accuracy in Antarctica (Obu et al., 2020) when
compared with the Arctic (Obu et al., 2019).

As mentioned, the knowledge of soil thermal conductivity remains
sparse in Antarctica (Hrbacek, et al., 2023). It has been reported that
values <0.3 W/m.K~! occur in the very dry and dry sandy soils (Levy &
Schmidt, 2016; Hrbacek et al., 2017; Liu et al., 2018), while the thermal
conductivity reaches over 2.5 W/m.K™! in solid bedrock (Guglielmin
etal., 2011; Correia et al., 2012). These values were mostly generated by
direct measurements under laboratory conditions (Guglielmin et al.,
2011; Correia et al., 2012; Levy & Schmidt, 2016; Hrbacek et al., 2017;
Hrbacek & Uxa, 2020). Calculated values of thermal conductivity of
Antarctic soils were published by Liu et al. (2018), who employed the
Johansen semiempirical equation which is based on the determination
of soil physical properties including dry density and porosity (Johansen,
1977).

There is therefore at present a significant research gap in under-
standing the spatial and temporal variability of thermal conductivity of
Antarctic soils. While ice-free areas currently only occupy less than 0.5%
of the total area of the Antarctic continent (Brooks et al., 2019), their
extent is likely to increase substantially in the near future (Lee et al.,
2017) and the understanding of the dynamics of these environments is
therefore of high importance. In these ice-free areas, the spatial vari-
ability of ALT is strongly associated with the variability of soil thermal
conductivity. In our previous study from James Ross Island, we
concluded that the ALT can differ by more than 40 cm within a
Circumpolar Active Layer Monitoring (CALM) grid with dimensions of
80 x 70 m (Hrbacek et al., 2017), which is linked to the variability of soil
thermal conductivity stemming from different soil physical properties
and variation in soil moisture within the grid.

The main objective of this study is to provide an assessment of the
interannual variability of soil thermal conductivity and moisture on the
Abernethy Flats automatic weather station on James Ross Island over a
total of eight Antarctic summer seasons (2015-2023). Particularly we
focus on: i) analysis of air and ground temperature and ALT, ii)
employing a numerical model based on Fourier law of heat conduction
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to determine soil thermal conductivity from the soil temperature and
heat flux measurements, iii) investigating how soil thermal conductivity
is affected by changes in soil volumetric water content and in turn how it
translates into the changes in ALT, and iv) evaluating mutual relation-
ships between the main studied parameters — soil thermal conductivity,
volumetric water content, ALT and selected thermal indices.

2. Study site

The area of interest for this study lies on the Ulu Peninsula, the
northernmost extension of James Ross Island, which is located off the
north-eastern coast of the Antarctic Peninsula (Fig. 1). James Ross Island
has a total area of around 2500 km?, of which approximately 25% is not
covered by glaciers. Ulu Peninsula therefore with its more than 300 km?
of ice-free terrain represents one of the largest ice-free areas in the whole
Antarctic Peninsula region. The topography of Ulu Peninsula is domi-
nated by a contrast between the volcanic mesas located at elevations
around 500 m above sea level and lowlands predominantly formed by
Cretaceous and Quaternary sediments. The Abernethy Flats automatic
weather station (AWS) is located in the largest area of low, flat terrain on
the Ulu Peninsula, the Abernethy Flats, at 41 m a.s.l. (63°52'53"S,
57°56'5"W). Abernethy Flats is a vast lowland consisting of Cretaceous
sediments, predominantly sandstones and siltstones of the Santa Marta
Formation, locally overlain by younger sediments of marine, lacustrine
and slope origin (Mlcoch et al.,, 2020). The area is underlain by
continuous permafrost with an estimated thickness of over 67 m in the
low-lying inland areas (Borzotta & Trombotto, 2004).

Climate of James Ross Island is characterised as semi-arid polar
continental, with average air and ground (5 cm depth) temperatures on
the Abernethy Flats site for the period 2006-2016 being —7.3 and
—6.1 °C, respectively, and mean modelled ALT of 60 cm (Hrbacek &
Uxa, 2020). Mean annual precipitation estimates range from 300 to 700
mm (van Wessem et al., 2016) and the precipitation is predominantly in
the form of snow. However, the distribution of snow within the land-
scape is extremely uneven due to frequent winds blowing from the
southwestern direction (Kavan et al., 2020) and is strongly controlled by
topography. In the flat areas such as around the Abernethy Flats AWS,
the accumulation rarely exceeds 50 cm. However, large snow accumu-
lations can develop in the terrain depressions or around obstacles
(Knazkova et al., 2020). Patterns of snow accumulation also exert a
strong control over the ground thermal regime and soil water content
distribution, with meltwater being the primary source of moisture for
the soils and also for the sparse, predominantly moss and lichen vege-
tation on James Ross Island.

3. Methods
3.1. Instrumental measurements

3.1.1. Air and ground temperature

Instrumental measuring of air and ground temperature has been
established at the Abernethy Flats AWS in 2006. Data from the period
2006-2016 have been presented by Hrbacek & Uxa (2020), where they
were used for the modelling of ALT. In this study, we include data for the
austral summer seasons spanning the period between 20 November
2015 and 28 February 2023; eight seasons in total.

The instruments utilised in this study for temperature measurements
are Pt100/8 resistance thermometers with an accuracy of + 0.15 °C
(manufacturer EMS Brno). The air temperature probe EMS33 was
mounted inside a radiation shield 2 m above terrain. Ground tempera-
ture is measured by probes placed directly in the ground within a 75 cm
deep profile at the depths of 5, 10, 20, 30, 40, 50 and 75 cm. Air and
ground temperature is measured in a 30-minute interval and data is
stored using an EdgeBox V12 datalogger (EMS Brno). During the study
period, approximately one-month break occurred resulting from a
datalogger malfunction which lasted from 20 February until 19 March
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Fig. 1. Location of the study site within the northern Antarctic Peninsula region (a); characteristic view of the Abernethy Flats lowland (b) and Abernethy Flats AWS
with square indicating the location of ground temperature profile and triangle indicating soil moisture measurement (c).

2018. Also, the data for the season of 2022/2023 ends on 28 February
2023, which means some part of the thawing season might not be
included.

3.1.2. Soil heat flux

In the beginning of February 2015, heat flux monitoring has also
been established on this site. Soil heat flux is measured in 30-minute
interval using Hukseflux HFPO1 heat plate with an accuracy of —15%
to + 5% (manufacturer Hukseflux Thermal Sensors) installed horizon-
tally within the soil at the depths of 5 and 20 cm. This setting allows for
the determination of soil thermal conductivity in the upper layer of soil
(5-20 cm), following the methodology proposed by Mondal et al.
(2015).

3.1.3. Soil moisture

Soil volumetric water content monitoring has been set up in February
2017 using CS655 probe with an accuracy of + 3 % (manufacturer
Campbell Sci.) operating on the principle of dielectric permittivity
measurement. These probes measure in 30-minute interval and are
installed at the depth of 5 and 30 in the close proximity of the ground
temperature measuring profile. Since dielectric properties of soil are
influenced by temperature, a subsequent correction of soil moisture data
was carried out using a general approach described by Jeewantinie
Kapilaratne & Lu (2017), which helps to remove the apparent daily
variability of volumetric water content due to soil temperature
fluctuations.

3.2. Data analysis

3.2.1. Thermal indices

Climate variability for the given study period is analysed using mean
annual air and ground temperatures. Mean annual temperatures are
calculated from the 30-minute data for the interval of March—February

so as to include the whole of one summer season. The summer (or
thawing) season is defined as the period with daily average ground
temperatures in 5 cm depth reaching above 0 °C. Thermal indices were
calculated, such as thawing degree-days (TDD) which represent the sum
of all positive temperatures within the summer season. These are
calculated for air as well as ground at 5, 20, 30 and 50 cm depth.
Thawing n-factor is determined as the ratio between the sum of positive
near-surface ground temperatures at 5 cm depth (TDDs) and the sum of
positive air temperatures (TDDj;y).

3.2.2. Thaw depths

Thaw depth for each day within the thawing season was calculated
from maximum daily ground temperature observed at each individual
sensor within the measuring profile. By way of assuming a linear
decrease of temperature between the deepest sensor showing a daily
maximum above 0 °C and the shallowest sensor with maximum below
0 °C, the position of 0 °C isotherm was identified as an intersection of the
temperature decrease trend with the depth axis. For situations when the
thaw depth exceeded 75 cm, which is the depth of the deepest sensor,
the position of the 0 °C isotherm was extrapolated using the daily
maximums measured by the two bottommost sensors. ALT was subse-
quently determined as the maximum observed depth of the 0 °C
isotherm during the particular season.

3.2.3. Thermal properties

According to Farouki (1981), soil thermal conductivity is defined as
the amount of heat passing through a unit of soil under a temperature
gradient. Multiple studies (e.g., Zhang et al., 2002; Li et al., 2017; Li
et al.,, 2019) have employed the method of calculating soil thermal
conductivity from soil heat flux and temperature measurements, using
equations derived from Fourier law of heat conduction such as Eq. (1),
where G, is the average heat flux through a layer of soil and 4L represents
the temperature gradient between the depths delimiting the layer for
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which the thermal conductivity is calculated. However, these solutions
also produce a relatively large number of unrealistic values which need
to be subsequently filtered out, especially when the soil temperature
gradient or heat flow are close to zero.
AT

Ge=—d @
Instead, we calculated soil thermal conductivity using the numerical
solution described by Romio et al. (2019), where the use of Least
Squares Method trend-fitting has been proposed to avoid possible nu-
merical divergences resulting from the direct solution of Eq. (1). We use
ground temperatures and the average of measured values of soil heat
flux at 5 and 20 cm, assuming that the layer of soil between these depths
comprises of homogenous material and neglecting transfer of heat in
horizontal direction. The relationship between half-hourly measure-
ments of soil heat flux G, and temperature gradient 4% over a 24-hour
period (Fig. 2a, c) can be displayed using a scatter plot (Fig. 2b, d)
and fitted with a linear trend expressed by a function y = ax + b, from
which soil thermal conductivity A can be subsequently extracted as the
proportionality constant (a; also expressing the slope of the function)
using Eq. (1). The suitability of the linear trend fit for a particular set of
24-hour values of soil heat flux and ground temperature gradient is
expressed by the coefficient of determination (R?). Only those values of
soil thermal conductivity which exhibit R? values of more than 0.9 were
considered reliable and used for the calculation of daily, weekly and
seasonal averages. This limiting value of R? > 0.9 was chosen arbitrarily
as the optimal way to filter out non-representative values of soil thermal
conductivity, which are generated by the changing of meteorological
conditions, or a presence of snow.

a) 80 40

60 30
3 0 20 _
) £
= =
~ 2
< =
2 ©)

< 20 10

0 0
temperature gradient
-------- “
=== soil heat flux
20 -10
21:00 01:00 05:00 09:00 13:00 17:00
local time

) 0 0

-2
£ el
S £
5 42
g r
B ¢

<

temperature gradient

=== soil heat flux
-20 -8
02:00 06:00 10:00 14:00 18:00 22:00
local time

b) *

Catena 234 (2024) 107640
3.3. Sample collection and analysis

To determine soil physical properties and also to validate the values
of soil thermal conductivity calculated from the experimental data, a
series of measurements has been conducted under laboratory condi-
tions. Sampling took place in the close proximity of the Abernethy Flats
AWS in February 2023. Smaller soil samples were collected in an un-
disturbed state from 5, 20, 30 and 50 cm depth into a metal cylinder of
100 cm® and were dried subsequently in the oven for 72 h to determine
dry bulk density and texture (proportion of the main texture components
- clay, silt and sand). Two cylinders were collected from each depth and
the values were then calculated as an average.

Larger samples of approximately 1 kg were also collected, dried and
subsequently poured into a plastic container of sufficient volume so that
the testing probe of ISOMET 2114 soil thermal properties analyser
(manufacturer Applied Precision) could be fully immersed in the sam-
ple. The measurement operates on the principle of the thermal response
of the analysed material to heat flow input via a heated needle probe.
Using this method, samples from depths of 10-20, 25-35 and 40-50 cm
were tested. These samples were compacted to the approximate dry bulk
density of 1.4,1.45and 1.5 g/ em®, representative of the values obtained
from the metal cylinders for the particular depth. Water was gradually
added to the samples in increments of 20 ml and thermal properties
measured to obtain values of soil thermal conductivity at a given soil
moisture level.

4. Results
4.1. Air and ground temperature variability

Interannual variability of air and ground temperature at the
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Fig. 2. Determination of soil thermal conductivity from the values of soil heat flux and ground temperature gradient; a) evolution of these parameters under near
ideal conditions over 24 h, b) scatter plot of the 24-hour values where the linear trend represents a good fit (R? > 0.9), ¢) evolution of soil heat flux and ground
temperature gradient under less than ideal conditions and d) scatter plot of the values where the linear trend does not represent a good fit (R? < 0.9).
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Abernethy Flats AWS is considerable and the mean annual air and
ground temperatures exhibit rather pronounced differences between the
individual years. Table 1 sums up the mean annual temperatures (with
the year spanning March to February) over the period 2015-2023.
Overall, air temperatures show a slightly higher variability (—3.8 to
—6.9 °C) than ground temperatures (—3.2 to —6.5 °C). Also, as a pre-
dominant rule, mean ground temperatures drop with increasing depth,
same as the amplitude of the temperature fluctuations. However, occa-
sionally the mean temperature in 30 cm depth may be the same or lower
than the temperature in 50 cm depth.

The year 2015/2016 was the coldest from the perspective of mean air
temperature (—6.9 °C) and also the year when lowest mean ground
temperatures overall (—6.5 °C) were recorded. Mean air and ground
temperatures stayed at a relatively steady level during the years
2015-2019 (with the exception of a very warm year 2016/2017),
however, since then they started increasing quite rapidly, with the mean
air temperatures rising by 2.6 °C and ground temperatures by up to
2.8 °C within the course of three years, overcoming the level of the year
2016/2017. By far the warmest year within the studied period was
2022/2023, when mean air temperatures reached —3.8 °C and very high
annual averages were also observed for ground temperatures (ranging
from —3.2 °C in 5 cm and —4.1 °C in 50 cm). Compared to the period
average, the year 2022/2023 was up to 1.9 °C warmer (Table 1).

The thawing n-factor as well shows great variability over the studied
period. It ranges from 1.59 to 2.93 and can change dramatically from
one year to the next. However, there has been a steady increase in the n-
factor from 2015 up until the 2020, from which point it started
decreasing until 2022.

4.1.1. Thawing degree days, thawing season duration and ALT

From the perspective of seasonal thawing degree-days, the summer
seasons of 2020/2021, 2021/2022 and 2022/2023 represent the
warmest summer seasons within the studied period (Fig. 3), with TDDy;;
reaching over 300 °C.days and TDDs close to or over 600 °C.days. Values
of thawing degree-days have risen dramatically over the course of the
seasons 2019-2023, especially in the greater depths of 30 and 50 cm,
where there is a stark contrast between the summer season 2018/2019
and the subsequent season 2019/2020, with TDDsg of 5 and 72 °C.days,
respectively (Fig. 3), with even greater increases since, reaching a
maximum of 209 °C.days in 2022/2023.

The start and end dates of the thawing season on the Abernethy Flats
are quite changeable, as well as its total duration. Typically, the ground
starts to thaw in the beginning to mid-November (Fig. 4). In some years,
however, the start of the thawing season can shift as early as the start of
October (2016/2017) or as late as mid to end of November (2018/
2019). The ground again freezes over at the end of the thawing season in
late February to early March. It is not uncommon that the beginning and
end of the thawing season are difficult to ascertain as there are several
short thawing episodes before the main season begins or after it ends.
Sometimes even the main season is fragmented by freezing episodes as
was the case in the season 2015/2016, when the ground froze over
completely for two weeks around mid-December.

Table 1
Mean annual (March-February) air and ground temperatures (°C) at the Aber-
nethy Flats AWS.

year AT GTs GTyo GT3q GTso n-factor
2015/2016 -6.9 -6.5 —6.8 -6.9 -6.8 1.59
2016/2017 -4.3 —4.1 —4.5 -4.8 -4.9 2.12
2017/2018 —6.5 -5.9 —-6.0 —6.2 —-6.1 2.66
2018/2019 -5.7 -5.8 —6.1 -6.3 -6.2 2.93
2019/2020 —6.4 —6.0 —6.4 —6.6 —6.6 2.54
2020/2021 —-6.3 —-5.4 -5.8 -6.1 —-6.1 2.10
2021/2022 —4.8 —4.2 —4.6 -4.9 -4.9 1.91
2022/2023 -3.8 -3.2 -3.7 -4.0 -4.1 2.12
2015-2023 -5.6 -5.1 -5.5 -57 -5.7 2.24
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The maximum of thaw depth for the majority of the study period falls
within the interval between 5 and 15 February, with the exception of
season 2022/2023, where the maximum was reached already on 25
January. Despite the increase in TDDs, the ALT increased only slightly
between the seasons 2015/2016 and 2016/2017, from 68 to 69 cm. The
following two years, ALT dropped to its minimum of 62 cm, however, in
2019/2020 it reached 77 cm and since then started increasing every
year, up to a maximum of 95 cm in 2022/2023 (Fig. 3).

4.2. Soil physical properties

The dry bulk density of soil at the Abernethy Flats increases with
depth and ranges from 1.34 g/cm® in 5 ecm to 1.55 g/cm® in 50 cm
(Table 2). Sand is the dominant fraction, with texture analysis results
showing more than 50% sand content in all depths. While the proportion
of silt stays relatively even throughout the soil profile, with only mild
variation between 20.2 and 22.7%, there is some variability in the ratio
between sand and clay content, with the highest percentage of clay
(28.3%) near the ground surface level and in 30 cm depth (Table 2).

Seasonal variability of volumetric water content during the seasons
2017-2023 is depicted for each individual season in Fig. 5. Freezing
episodes (when the ground temperature in 5 cm drops below 0 °C) are
characterised by a rapid decrease in volumetric water content, typically
below the level of 0.1 ecm3/cm® (10%). Moisture levels in 5 ¢m depth
show an overall higher variability than in the greater depth of 30 cm.
There is usually a distinct peak in the beginning of the thawing season,
where values of volumetric water content in 5 cm depth reach close to
0.5 cm®/em® (50%). This peak lasts for up to two weeks, after which the
surface moisture levels typically drop to around 20%, with the exception
of the summer season 2018/2019 and also the subsequent season 2019/
2020, when surface moisture level stayed relatively high throughout
nearly the entire season, at over 25%. Volumetric water content at 30 cm
depth typically has a much lower variability with minimum values
(below 20%) at the beginning of the season, a subsequent rapid increase
and then remains at a relatively steady level (over 30%) for the rest of
the season, with the exception of the season 2017/2018, when higher
variability was observed, with the increase divided into multiple stages
and peaks reaching over 40% (Fig. 5).

4.2.1. Soil thermal conductivity

In the upper layer of soil (5-20 cm), average thermal conductivity A
of the unfrozen soil calculated from the AWS data ranged from 0.49 to
0.74 W/m.K~! within the period 2015-2023. Seasonal average of soil
thermal conductivity can be observed as the proportionality constant of
the linear trend in Fig. 6 (shown in bold), while Fig. 5 presents the
variability of soil thermal conductivity weekly moving average in rela-
tion to soil moisture for the seasons 2017-2023. The lowest values of soil
thermal conductivity were recorded in the summer season 2015/2016
(0.49 W/m.K 1), from which point it has been on a steady increase up
until the season 2018/2019, when it reached a maximum value of 0.74
W/m.K~L. During the following seasons, it fluctuates between 0.70 W/
m.K! in 2019/2020, 0.61 W/m.K"! in 2020/2021, 0.68 W/m.K ! in
the summer season 2021/2022 and drops again to 0.60 W/m.K™! in
2022/2023 (Fig. 7).

The soil thermal conductivity typically varies within each individual
season starting with a distinct peak at the beginning of each season
(Fig. 5). During this peak, the values can reach over 0.9 W/m.K‘l, with
the exception of 2022/2023, when this peak was present, but somewhat
less pronounced. Overall, the season 2022/2023 exhibits the lowest
variability of soil thermal conductivity of all studied seasons. The values
stay steady at a level below 0.6 W/m.K ! for most of the season and even
drop towards the end of the season. In all the previous seasons, several
peaks during the season are present, and the variability is much higher.

Laboratory measurements of soil thermal conductivity at different
dry bulk density (Fig. 7) show an increase in conductivity with
increasing volumetric water content. For extremely dry soil with close to
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Fig. 3. ALT with ground thawing degree-days (TDD) for the thawing seasons 2015-2023 on the Abernethy Flats AWS.

0% moisture content, soil thermal conductivity exhibits values between
0.24 and 0.29 W/m.K~!. Conductivity starts to increase very rapidly
especially after the volumetric water content passes 10%. Between 10
and 15% of soil moisture, thermal conductivity more than doubles, from
around 0.3 W/m.K™! to between 0.6 and 0.8 W/m.K~}, rising more
rapidly in a soil with higher bulk density. However, after the volumetric
water content reaches over 20%, the increasing trend of soil thermal
conductivity slows down. For soil with dry bulk density of 1.4 g/cm?, it
reaches peak values of 0.9 W/m.K ! between 25 and 30% soil moisture,
afterwards oscillates around this value. For denser soil with a density of
1.45 g/cm® the soil thermal conductivity peaks at around 1 W/m.K 1. In
the densest soil with a density of 1.5 g/cm®, conductivity reaches
maximum values of 1.1 W/m.K™! already between 20 and 25% of
moisture, with no further significant increase afterwards.

5. Discussion
5.1. Ground surface temperature and ALT evolution

The increasing trend of ALT is especially pronounced on the Aber-
nethy Flats AWS during the past several seasons, starting in the year
2019. This is coupled with a dramatic rise in seasonal air and ground
TDD (Fig. 3). From the perspective of mean annual air and ground
temperatures (-3.8 and —3.2 °C, respectively), 2022/2023 was also the
warmest year since the establishment of measurement on this AWS in
2006. According to Hrbacek & Uxa (2020), average modelled ALT on the
Abernethy Flats reached 60 cm in the period 2006-2016 and it ranged
between 35 and 78 cm in the individual seasons. For the study period
2015-2023, which is the scope of the current paper, the average ALT
calculated from the ground temperature data has been 77 cm and the
range was between 62 (2018/2019) and 95 cm (2022/2023). There has
been therefore an increase of 17 cm from the perspective of the period
average and also a new overall seasonal maximum ALT was reached.

Increase in air and ground temperatures and a thickening of active
layer has been reported from other sites around the Antarctic Peninsula
((Hrbacek et al., 2023)), which is considered one of the most rapidly
warming parts of Antarctica (Turner et al., 2020). This trend is likely to
continue in the following decades, with predictions of up to 0.5-1.4 °C
increase in annual air temperatures before the year 2044 in the eastern
part of Antarctic Peninsula (Bozkurt et al., 2021).

5.2. Variability of soil thermal conductivity based on other physical
properties

Hrbacek & Uxa (2020) reported soil thermal conductivity values on
the Abernethy Flats in 10 cm depth at dry bulk density of 1.30 g/cm® and
volumetric water content of 23.4% to be 0.45 W/m.K%; in 30 cm depth
with dry bulk density of 1.47 g/cm® and volumetric water content of
26.5% to be 0.61 W/m.K 1. While these values are lower than the values
presented in this study to be typical of soil at that dry bulk density and
moisture level, they still fall within the range of natural variability of soil
thermal conductivity at the Abernethy Flats.

5.2.1. Volumetric water content

Both the laboratory measurements and experimental data confirm
that there is a link between soil moisture and soil thermal conductivity,
as already reported from permafrost affected soils over different regions
by many authors (e.g., Farouki, 1981; O’Donnell et al., 2009; Rasmussen
et al., 2018). The linear regression between calculated soil thermal
conductivity and instrumentally measured volumetric water content
revealed R? > 0.49 to 0.78 for the individual seasons (Fig. 8), all sta-
tistically significant (p > 0.01), which means that at least about a half of
the variability of soil thermal conductivity can be attributed to changes
in soil moisture. The nature of the regression changes between the in-
dividual seasons, in some seasons revealing a much stronger relationship
between the two variables than in others. This might be related to ir-
regularities in measuring soil moisture caused by factors such as the
several metres of distance between the moisture sensor and the ground
temperature measurement profile. As proven by investigations in CALM
grids (e.g., Smith et al., 2009, Mergelov, 2014), the variation of soil
moisture can be rather significant even within a relatively small area,
which is primarily connected with microtopography and the resulting
uneven distribution of snow and subsequently meltwater or local vari-
ation in physical properties such as soil texture and dry bulk density.

However, determining the exact nature of the relationship between
volumetric water content and soil thermal conductivity from the
experimental data itself is rather difficult, because the natural variability
of soil moisture on the Abernethy Flats site does not include the whole
range from totally dry soil to its full saturation. The naturally observed
variability of soil thermal conductivity, at least in the uppermost layer of
soil, is not considerable. On the other hand, laboratory measurements of
soil thermal properties suggest that soil thermal conductivity has the
potential to change significantly within quite a narrow window of
variation in volumetric water content (Fig. 7).
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Fig. 4. Daily evolution of thaw depth over the course of the individual thawing seasons 2015-2023 on the Abernethy Flats AWS.

Table 2

Physical properties of soil at the Abernethy Flats AWS site at different depths.
depth dry bulk density [g/cm®] sand [%] silt [%] clay [%]
5cm 1.34 50.1 21.6 28.3
20 cm 1.41 56.4 20.2 23.4
30 cm 1.41 53.1 20.3 26.5
50 cm 1.55 55.2 22.7 22.1

N

5.2.2. Dry bulk density

At the same time, soil thermal conductivity is significantly affected
by dry bulk density (e.g., Hinzman et al., 1991; Abu-Hamdeh & Reeder,
2000; Loranty et al., 2018). In our laboratory experiment, soil with
higher dry bulk density by 0.1 g/cm® exhibited higher thermal con-
ductivity by 0.2 W/m.K~! and also the difference was more pronounced
for higher volumetric water content.

Sampling showed that there is also a gradient from less dense soil at
the ground surface to more dense soil in the lower part of the profile,
therefore it is assumed that the soil thermal conductivity increases with
depth. With the thickening of the active layer and the penetration of
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sons 2017-2023.

liquid moisture into still greater depths of the soil (e.g., Andresen et al.,
2020), there is a potential for an increase of soil thermal conductivity in
these depths and therefore of more heat reaching deeper parts of the soil
profile, driving the thawing of the active layer (Clayton et al., 2021). A
positive feedback loop is thus generated.

5.2.3. Correlation of seasonal means of selected parameters

While there is, depending on the season, still up to a half of the
variability in soil thermal conductivity unaccounted for by changes in
volumetric water content, the correlation between the seasonal means of
these two parameters is very strong (r = 0.91) and statistically signifi-
cant for p < 0.01 (Fig. 9). There is also a high correlation between both
volumetric water content and thermal conductivity with thawing n-
factor, which effectively describes the exchange of heat between the air
and ground (Klene et al., 2001). In the years when ground surficial layer
was moister and the soil was more conductive, higher values of n-factor
were observed.

However, no significant relationship had been detected between soil
thermal conductivity and ALT (r = —0.20). Presumably the leading
parameter affecting seasonal variability of ALT is TDDs (r = 0.92). Such
a correlation value confirms the previous findings of a strong effect of

summer temperature on ALT on the Abernethy Flats (Hrbacek and Uxa,
2020). It is necessary to note that the relationship between ALT and TDD
is highly predictable as TDD is the only temporal variable input to the
widely used Stefan model for ALT modelling (e.g., Riseborough et al.,
2008). Further, ALT (r = —0.88) and TDDs (r = —0.92) both correlate
negatively with volumetric water content. It means that even though it
has been established that an increase in volumetric water content gen-
erates an increase in soil thermal conductivity (Figs. 7-9), this itself does
not lead to a thickening of the active layer. On the contrary, active layer
tends to be shallower in wet soils, due to a greater amount of latent heat
needed for the phase change. Our results are therefore in agreement with
the findings from other regions like Alaska (Clayton et al. 2021) and
Tibetan Plateau (e.g., Dorfer et al., 2013, Jin et al., 2020) who also
concluded that the latent heat mechanism had a greater control than soil
thermal conductivity on ALT in soils.

Notably, an increase of summer temperatures expressed by TDDs will
lead to soil drying and thickening of the active layer and it will also have
consequences for the hydric regime of the active layer and the under-
lying permafrost. The occurrence of thicker active layer during the
summer period allows for the migration of liquid moisture into greater
depth and may result in the drying up of the surface layer of soil (e.g.,
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Fig. 7. Variability of soil thermal conductivity from the laboratory measurements at different volumetric water content and dry bulk density compared to the

calculated data from field measurements.

Lawrence et al., 2015; Andresen et al., 2020). Surficial drying can lead to
further acceleration of active layer thickening (Clayton et al., 2021), but
it might also negatively affect the already very scarce vegetation which
greatly relies on the presence of moisture, mostly derived from melt-
water (Colesie et al., 2022), as there is very little liquid precipitation on
James Ross Island and the eastern part of the Antarctic Peninsula in
general.

6. Summary and conclusions

This paper describes the natural variability of soil thermal

conductivity on the Abernethy Flats, James Ross Island, during the
period 2015-2023, contributing to a better understanding of how
thermal properties and moisture affect the thermal regime of soils in the
Antarctic ice-free areas. Instrumental measurements of air and ground
temperature, as well as ground heat flux and water content are analysed
to fulfil this purpose. We also conducted a laboratory measurement of
thermal properties on soil samples from different depths to determine
their response to a rising volumetric water content. Our findings show
that the soil thermal conductivity increases rapidly up to a certain level
of moisture, however the increase slows down and the further in-
crements of moisture do not generate significantly higher conductivity
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values. The relatively low observed natural variability of soil thermal
conductivity is therefore in agreement with how the samples performed
under laboratory conditions.

While soil thermal properties, such as its thermal conductivity, are
mainly affected by water content, an increase in thermal conductivity
does not directly lead to a deepening of the active layer. In fact, evidence
was found to the contrary, when the active layer was actually shallower
in the years with higher overall soil moisture levels. While wet soil is
more efficient at conducting heat from the atmosphere into the ground,
this is offset by the greater amount of heat needed to thaw the ice present
within the soil. The main control of active layer depth is therefore the
sum of positive temperatures within the season, which has indirect
control over the soil water content as well, through evaporation and
migration of available liquid moisture into the deeper parts of the soil
profile.

The warming trend observed in this part of the Antarctic Peninsula in
the recent seasons has led to a dramatic increase of thaw depths on the
Abernethy Flats. The rapidly changing conditions will most likely affect
the hydric and thermal regime of the underlying permafrost in the future
and have consequences also for the local biota, which, being mostly
dependent on meltwater for its only source of moisture, is very sensitive
to these ongoing changes.
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ABSTRACT

Climate change and its impacts on sensitive polar ecosystems are relatively little studied in Antarctic regions. Perma-
frost and active layer changes over time in periglacial regions of the world are important indicators of climate variabil-
ity. These changes (e. g. permafrost degradation, increasing of the active layer thickness) can have a significant impact
on Antarctic terrestrial ecosystems. The study site (AWS-JGM) is located on the Ulu Peninsula in the north of James
Ross Island. Ground temperatures at depths of 5, 50, and 75 cm have been measured at the site since 2011, while
air temperature began to be measured in 2004. The main objective is to evaluate the year-to-year variability of the re-
constructed temperature of the top of the permafrost table and the active layer thickness (ALT) since 2004 based on air
temperature data using TTOP and Stefan models, respectively. The models were verified against direct observations
from a reference period 2011/12-2020/21 showing a strong correlation of 0.95 (RMSE = 0.52) and 0.84 (RMSE =
3.54) for TTOP and Stefan models, respectively. The reconstructed average temperature of the permafrost table for
the period 2004/05-2020,/21 was — 5.8 °Cwith a trend of — 0.1 °C/decade, while the average air temperature reached
—6.6 °Cwith a trend of 0.6 °C/decade. Air temperatures did not have an increasing trend throughout the period, but in
the first part of the period (2004/05-2010/11) showed a decreasing tendency (— 1.3 °C/decade). In the period 2011/
12-2020/21, it was a warming of 1.9 °C/decade. The average modelled ALT for the period 2004/05-2020/21 reached
a value of 60cm with a trend of —1.6 cm/decade. Both models were found to provide reliable results, and thus they
significantly expand the information about the permafrost and ALT, which is necessary for a better understanding of
their spatiotemporal variability and the impact of climate change on the cryosphere.

* Corresponding author at: Department of Geography, Masaryk University, Kotlai'ska 267/2, 601 77 Brno, Czech Republic.
E-mail address: 1.pastirikoval7 @gmail.com (L. Kaplan Pastirikovd).

http://dx.doi.org/10.1016/j.scitotenv.2023.161690

Received 24 August 2022; Received in revised form 22 December 2022; Accepted 14 January 2023

Available online 16 January 2023

0048-9697/© 2023 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2023.161690&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2023.161690
mailto:l.pastirikova17@gmail.com
http://dx.doi.org/10.1016/j.scitotenv.2023.161690
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv

L. Kaplan Pastirikovd et al.

1. Introduction

Antarctica, as the least human-disturbed continent, is one of the key
areas for understanding the overall global climate (Stammerjohn et al.,
2021). Properties of perennially frozen ground (permafrost) and seasonal
thaw layer (active layer) are important indicators of climate change in the
polar areas because they are sensitive to even slight changes in air and
ground temperatures (Smith and Riseborough, 1996; Vaughan et al.,
2003). Thawing of permafrost is reflected in various landscape processes
and hazards such as coastal instability, ground subsidence, changes in
hydrological regime, ecosystems, or surface vegetation (French, 2017;
Cannone et al., 2021). The response of permafrost and active layer to cur-
rent climate change depends on the interactions of many parameters and
factors, including topography, structure and properties of the ground, the
presence and type of vegetation or the occurrence of snow (e. g. Smith
and Riseborough, 1996; French, 2017; Biskaborn et al., 2019). Tempera-
ture changes in these ecosystems might be significantly influenced by the
presence of vegetation dominated by mosses and lichens (Guglielmin
et al., 2014). In recent decades, there have been rapid changes in the
range and abundance of several populations of vegetation in relation to cli-
mate change (Chown and Convey, 2007). Surface coverage by vegetation
provides an insulating effect and consequently the vegetation affects the en-
ergy exchange of the ground. This has a feedback effect on the active layer
thickness and the temperature of the permafrost (Guglielmin et al., 2014).

Continuous permafrost currently occurs mostly in the Arctic and the
Tibetan Plateau, underlying ~10,700,000km? (Obu et al., 2019). In
contrast, ice-free areas in Antarctica hosting such ecosystems are estimated
to occupy as low as about 55,000-71,000km? of the entire continent (Lee
et al., 2017; Brooks et al., 2019). A significant extent of permafrost occurs
in the Antarctic Peninsula region where ice-free areas occupy about
6500km? (Brooks et al., 2019). The Antarctic Peninsula region has been
exposed to accelerated atmospheric warming in the last decades of the
20th century when the air temperatures locally increased by >3 °C (e. g.
Doran et al., 2002; Vaughan et al., 2003; Turner et al., 2020). The warming
of the Antarctic Peninsula region has been confirmed on the basis of numer-
ous studies especially in its western part, which shows mean annual air
temperatures ranging from —2 to —4 °C (Turner et al., 2020). However,
atmospheric cooling was observed since the late 1990s (Turner et al.,
2016; Oliva et al., 2017), which also affected the cryosphere, including
active layer and permafrost temperatures (Oliva et al., 2017; Hrbacek and
Uxa, 2020).

The recent studies from other parts of Antarctica also report fast changes
of vegetation state (Robinson et al., 2018) and soil biogeochemical proper-
ties (Cannone et al., 2021) in response to changes in soil thermal and mois-
ture regimes. Unlike atmospheric measurements, long-term data on active
layer and permafrost in Antarctica are unavailable, especially before the In-
ternational Polar Year 2007-2008. The research has been less systematic
and spatially worse distributed than in the northern hemisphere due to
the remoteness of the continent (Vieira et al., 2010). Hence, long-term
changes in the temperature and thickness of the active layer and permafrost
in Antarctica mostly cannot be accurately assessed (Biskaborn et al., 2015),
and the studies remain scarce (Guglielmin and Cannone, 2012; Ramos
et al., 2017; Biskaborn et al., 2019; Hrbacek and Uxa, 2020; Hrbacek
et al., 2021). Understanding of long-term variability of the active layer
and permafrost thermal regime can be key for the complex comprehension
of the geomorphic and soil dynamic in the Antarctic terrestrial environ-
ments (Convey and Peck, 2019). The knowledge of active layer and perma-
frost thermal regime will be also crucial for the predictions of the evolution
of newly exposed ice-free areas which are expected to double in extent in
the Antarctic Peninsula region until the end of 21st century (Lee et al.,
2017).

One of the possibilities how to bridge this gap in data availability
may be active layer and permafrost modelling using specific proven
models, which has been common in the northern hemisphere over last
decades (e.g.;Smith and Riseborough, 1996, 2002; Gisnas et al., 2013;
Westermann et al., 2013; Kurylyk, 2015; Obu et al., 2019). On the contrary,
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only a few early modelling studies have so far emerged in Antarctica for
permafrost temperature (Ferreira et al., 2017; Hrbacek et al., 2020; Obu
et al., 2020) as well as ALT (Guglielmin and Cannone, 2012; Wilhelm and
Bockheim, 2016; Uxa, 2017; Hrbacek and Uxa, 2020). The models are gen-
erally controlled by ground temperature and ground thermal properties,
but it is also possible to use parameterized air temperatures (Smith and
Riseborough, 1996). An important part of the current study of permafrost
changes is the integration of models that mostly contain input parameters
related to thawing and freezing processes. Modelled permafrost tempera-
ture based on other measured parameters in the field can reveal local
climate change. The models generally differ in their complexity. Numerical
models (e. g. CoupModel, CryoGrid 2, CryoGrid 3, GIPL2-MPI) are more
sophisticated and can accommodate energy transfer between the atmo-
sphere, snow cover and permafrost, but they need many inputs (Jafarov
et al., 2012; Westermann et al., 2013; Rasmussen et al., 2018). On the
other hand, analytical models, such as the TTOP or Stefan model, tend to
be simpler and require fewer inputs while maintaining good accuracy
(Riseborough et al., 2008).

The main aim of this study is to reconstruct and analyse the variability
of permafrost table temperature and ALT at the Johann Gregor Mendel
station (AWS-JGM) on James Ross Island, Antarctic Peninsula, using ana-
lytical models. The specific objectives are as follows:

1) Evaluation of the variability of air temperature, ground temperature at
depths of 5, 50 and 75 cm and changes in the active layer thickness
observed in the period 2011/12-2020/21.

2) Reconstruction of the permafrost table temperature using the TTOP
model and ALT using the Stefan model in the period 2004/05-2020/
21 based on the air temperature data.

3) Assessment of long-term variability of air temperature, permafrost table
temperature and ALT in the period 2004/05-2020/21.

2. Study area

James Ross Island is located in the north-eastern part of the Antarctic
Peninsula region (Fig. 1). It lies in the transition zone between the oceanic
and continental climate. Compared to the western part of the Antarctic Pen-
insula, it is an area with colder and drier conditions, caused by the oro-
graphic barrier of the Trinity Peninsula, which prevents air masses from
the west (Martin and Peel, 1978; King et al., 2013).

About 75 % of the area of James Ross Island is covered by glaciers,
which are located mainly in its central and southern part (Davies et al.,
2013). The study site AWS-JGM (63°48’ S, 57°52’ W, 10 m a.s.L.) is located
in the northern part of Ulu Peninsula, where deglaciated surfaces of 312
km? form the largest ice-free area in the Antarctic Peninsula region
(Kavan et al., 2017; Hrbacek et al., 2017). It is situated on a Holocene ma-
rine terrace (Fig. 2) formed by beach deposits composed of gravelly sand
(Hrbéacek et al., 2017) with a surface gently inclined (<3°) towards north.

The mean annual air temperature (MAAT) was around —7.0 °C in the
period 2005-2015 at sea level on the AWS-JGM site (Ambrozova and
Laska, 2016; Hrbacek et al., 2016b). A positive trend of MAAT and a nega-
tive trend of mean summer air temperature was reported in the study area
in the period 2006-2015 (Hrbacek et al., 2021). July and August are the
coldest months as mean daily air temperatures can drop below —30 °C.
January is usually the warmest month as the highest mean daily air temper-
atures can exceed 8-9 °C (Laska et al., 2011). Local climate is characterized
by 4-5 °C lower MAAT compared to the north-western part of the Antarctic
Peninsula (Hrbacek et al., 2016b).

Precipitation occurs mostly in the form of snow, especially from March
to November, and it is estimated at 300-700 mm of water equivalent per
year (van Wessem et al., 2016). The influence of snow cover on ground tem-
perature is rather limited as its depth during winter is reduced by wind re-
distribution (Kavan et al., 2020), and it usually does not exceed 30 cm
(Hrbéacek et al., 2016a). The Ulu Peninsula is underlain by continuous per-
mafrost (Bockheim et al., 2013; Obu et al., 2020), with estimated thickness
in coastal areas of ca. 6-67 m (Borzotta and Trombotto, 2004). The ALT
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Fig. 1. Regional setting and location of the study site the AWS-JGM (James Ross Island) [Czech Geological Survey, 2009; SCAR Antarctic Digital Database].

strongly depends on lithological properties and usually ranges from ca. 0.5
to 1.2 m (Hrbécek et al., 2017).

3. Data and methods
3.1. Data measuring and processing

3.1.1. Temperature data

Air temperature was measured using Minikin TH datalogger
(EMS Brno) with an accuracy of +0.15 °C at 0 °C, which was installed at
2 m above the ground surface in a solar radiation shield from March
2004 to February 2021. Ground temperatures were measured with A-
class Pt100/8 resistance temperature detectors (EMS Brno) placed directly
into the ground at depths of 5, 50 and 75 c¢m during the period from March
2011 to February 2021. Both air and ground temperatures were measured
and stored every 30 min.

Daily, monthly, seasonal and annual means of air and ground tempera-
tures at individual depths were subsequently calculated from the 30-min
temperature records. The mean annual air and ground temperatures were
calculated for the period from March 1 to February 28/29 because it usually
contains an almost complete sequence of the freezing and thawing seasons.
This approach respects the natural annual cycle of ground temperature and
is consistent with previous studies from the area (e. g. Hrbacek et al., 2017;
Hrbacek and Uxa, 2020). The ALT was calculated as a maximum depth of 0

°C isotherm interpolated from the maximum annual temperatures at depths
of 50 and 75 cm. Subsequently, we used the values of the observed ALT and
annual temperature means from the depths of 50 and 75 cm for the interpo-
lation of the mean annual ground temperature at the top of the permafrost
(ITOP). ITOP values, similar to TTOP (mean annual temperature at the top
of permafrost), were calculated for individually defined annual periods,
which corresponded to the composite sums of the lengths of the freezing
and thawing seasons.

Daily mean air and ground temperatures measured at a depth of 5 cm
were used to define the duration of the thawing (Dt) and freezing (Df) sea-
sons with prevailing positive and negative temperatures, respectively, as
has been used in other studies from the Antarctic Peninsula region (e. g.
Ferreira et al., 2017; de Pablo et al., 2017; Hrbacek et al., 2017). Dt and
Df were defined by the air temperature for the period 2004/05-2020/21
and also by the ground temperature measured at a depth of 5 cm for the pe-
riod 2011/12-2020/21 when ground temperature has been measured at
the AWS-JGM. For each season, thawing and freezing degree-days were de-
fined for air (TDD4 and FDD,) and ground at a depth of 5 cm (TDDgrs and
FDDgrs5). Thawing degree-days (TDD) are calculated as the total seasonal
sum of mean daily temperatures >0 °C:

DD = 3P, Ty [T > 0 °C] 1)

Fig. 2. (A) Position of the study site near the AWS-JGM on the Holocene marine terrace in the northern part of the Ulu Peninsula and (B) a detailed photo of the automatic

weather station there.
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Freezing degree-days (FDD) are calculated as the total seasonal sum of
mean daily temperatures <0 °C:

FDD = X, T[T < 0 °C] (2)

Both permafrost table temperature and ALT reconstructions are based
on TDD, and FDD, available for the period 2004/05-2020/21. We avoided
the commonly used n-factors to transfer between the air and near-surface
degree-days (e. g. Lunardini, 1978; Riseborough, 2002; Hrbacek and Uxa,
2020) due to their temporal variability, and instead we used the degree-
day relationships based on the 2011,/12-2020/21 time series. A statistically
significant (p < 0.01) linear functions best fitted the TDD/TDDgrs and
FDD,/FDDgrs5 relationship, respectively (Fig. 3). The regression relation-
ships were used to model the near-surface thawing and freezing degree-
days (TDD,, and FDDy,) for the period 2004,/05-2020/21.

3.1.2. Ground physical properties

We determined the physical properties of thawed ground samples such
as volumetric water content (¢b), thermal conductivity (k) and volumetric
heat capacity (C,) for a depth of 20-30 cm, which was found to provide rep-
resentative data for the active layer on James Ross Island (Hrbacek and
Uxa, 2020). Volumetric water content was measured by CS650 sensor
(Campbell Scientific, Inc.) and thermal properties using an ISOMET 2114
instrument (Applied Precision). The mean values of these characteristics
were calculated from multiple measurements on intact samples in the labo-
ratory in 2014 (Hrbécek et al., 2017) and updated by field measurements
carried out during four summer seasons in 2017,/18-2020/21 (Table 1).

Subsequently, we calculated the value of thermal conductivity of frozen
ground (k) based on the measured value of the thermal conductivity of
thawed ground and the volumetric water content, neglecting the volumet-
ric changes associated with phase transitions:

b=k (i) ' 3)

where k; is the thermal conductivity of ice (2.22 W.m ™~ *.K~!) and k,, is the
thermal conductivity of water (0.57 W.m ™~ 1 K™1Y). Calculation of the frozen
volumetric heat capacity was as follows:

Cr=C—¢(Cw—Cy) 4)

where C,, is the volumetric heat capacity of water (4.21 MJ.m ™~ 8K~ Hand
C; is the volumetric heat capacity of ice (2.05 MJ.m 3K~ 1).
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Table 1
Ground physical properties for the study site AWS-JGM.
Depth ¢ (%) k. ke C; Cs
(W.m™. (W.m ™. (MJ.m~* (MJ.m ™3,
K1 K™Y K™Y K™
20-30 cm 26.5 0.39 0.56 1.21 0.64

¢ - volumetric water content; k, - thawed thermal conductivity; k¢ - frozen thermal
conductivity; C, - thawed volumetric heat capacity; C - frozen volumetric heat ca-
pacity.

3.2. Permafrost table temperature and active layer thickness modelling

3.2.1. TTOP model

One of the most adopted models for permafrost temperature calculation
and reconstruction is the TTOP model (Temperature at the Top of Perma-
frost model) (Smith and Riseborough, 1996, 2002). In general, this model
provides information on the relationship between climate and permafrost.
The model joins permafrost temperature conditions with ground surface
temperatures through subsurface thermal properties and surface thawing
and freezing degree-days (Riseborough, 2002; Riseborough, 2003). The
TTOP model for permafrost conditions estimates the mean annual ground
temperature at the permafrost table (the base of the active layer) and is in-
dependent of its thickness as an input parameter (Smith and Riseborough,
1996; Wright et al., 2003).

The following formula was used to calculate the TTOP (°C) under
permafrost conditions:

_ k,TDDy + kFDDy

TTOP
ke P

®

where P is the length of the annual period defined based on the sum of the
length of the freezing (Df) and thawing (Dt) seasons.

3.2.2. Stefan model

The active layer thickness was estimated using the Stefan (1891) model,
which is a simple analytical solution that has been widely used in perma-
frost areas (e. g. Klene et al., 2001; Shiklomanov and Nelson, 2002;
Hrbacek and Uxa, 2020). Since the model itself does not account for sensi-
ble heat and assumes that the active layer is at zero temperature before

-1000
-1250 |
-1500 |
1750 |
-2000 |
-2250 | ®
-2500 | ®
-2750 |
-3000 |
-3250 y = 0.6807x - 705.19
3500 |

FDD,, (°C days)

Fig. 3. (A) Linear relationships between TDD, and TDDgrs and (B) between FDD4 and FDDgrs at AWS-JGM in the period 2004/05 to 2020/21.
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thaw, which causes an exaggerated ALT, it was refined by the correction
factor proposed by Kurylyk and Hayashi (2016) as follows:

2k, TDDySF

ALT =z5 + A
’ Lop

©

where z5 (m) is the depth of the ground temperature measurement used to
force the model, SF (86,400 s) is the time-scaling factor, L (334,000 J.kg ™~ D)
is the specific latent heat of fusion of water-ice and p (1000 kg.m ~3) is the
density of water. A is the dimensionless polynomial correction factor, which
accounts for the sensible heat required to raise the active-layer temperature
as well as for the subzero active-layer temperature before thaw (Kurylyk
and Hayashi, 2016):

Tine \° Tinit
= [1+0.1 5354/
A + 0.147S4e (ﬁ M GTSS> +0.535/S3 MGTS; @
x (1 — 0.168; + 0.038S%),
with
 C:MGTS;s
Ste - L¢p ) (8)

_ kG
K= 5C,’ 9

where S, is the dimensionless Stefan number, which is the ratio of the sen-
sible to latent heat, f3 is the dimensionless parameter that accommodates
the difference between the thawed and frozen ground thermal properties,
Tinie (CC) is the initial temperature of the active layer just before thaw, and
MGTSs (°C) is the mean ground temperature in the thawing season at a
depth zs.

The initial temperature of the active layer was computed using the log-
arithmic fit of the mean daily ground temperature profile one day before
thaw for the depth range between zs and the initial ALT (ALT;y;) estimate
from the uncorrected Stefan model (Hrbacek and Uxa, 2020) as follows:

ALTinie

! alnz+ bd, (10)

Tir =
e ALT i — 75

5

where a and b are the regression coefficients. The initial temperature of the
active layer was determined for seasons 2011,/12-2020/21 and its mean
value of —3.8 °C was then used for ALT correction in all seasons. Note
that all ALT values were converted from meters to centimeters, which are
used hereafter.

3.3. Model validation and data analysis

The modelled TTOP and ALT values were verified against the interpo-
lated values of ground temperature at the permafrost table (ITOP) and
ALT from the period 2011/12-2020/21. Their agreements and relation-
ships with other air and ground temperature characteristics were assessed
using the mean error, mean absolute error, root-mean-square error
(RMSE), and correlation coefficient (r). The temporal trends of air and
ground temperatures, TTOP and ALT were evaluated by the non-
parametric Mann-Kendell test and Sen's slope estimator (Sen, 1968) using
the MakeSens application (Salmi et al., 2002). The statistics were tested
atp < 0.001, p < 0.01 or p < 0.05.

4. Results
4.1. Variability of air and ground temperature in the period 2011/12-2020/21

MAAT at AWS-JGM was —6.7 °C in the period from March 2011 to
February 2021. The maximum MAAT (- 3.9 °C) was recorded in 2016/
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17 whereas the minimum MAAT (—8.2 °C) in 2011/12 (Table 2). The
highest mean monthly air temperature (2.7 °C) was recorded in February
2020/21, although January was usually the warmest month (from —0.6
°C to 1.4 °C). The coldest month was typically July (from —9.0 °C to
—18.8 °C), despite the lowest mean monthly air temperature (—20.1 °C)
was recorded in August 2020/21. The highest annual mean daily air tem-
perature usually exceeded 9 °C with a maximum of 11.2 °C recorded on
the 2nd of January 2016. The lowest daily mean air temperatures usually
dropped below —25 °C in July or August, with a minimum of —30.2 °C
on 26th of July 2011 (Fig. 4). MAAT followed a strong warming trend of
1.9 °C/decade, statistically significant at p < 0.01 (Table 2).

Mean annual ground temperature at a depth of 5 cm (MAGTs) was
—5.4 °Cin the period 2011/12-2020/21. It ranged from — 3.4 °C (2016/
17) to —6.8 °C (2012/13). MAGTs, showed the same mean as MAGT5
(—5.4 °C), but the temperature variability was slightly lower (—4.0 °C in
2016/17 to —6.2°Cin 2011/12). MAGT,5 was 0.2 °C lower (—5.6 °C) dur-
ing the period 2011/12-2020/21 and it ranged from —4.4 °Cin 2016/17
to —6.3°Cin 2011/12 (Table 2). Daily and monthly means indicate a de-
crease in variability from ground temperature measured at a depth of
5 cm to ground temperature at a depth of 75 cm. The annual course of
mean monthly ground temperatures shows that the ground temperatures
fluctuate more in the winter months whereas they are relatively stable dur-
ing the summer (Fig. 4).

The maximum monthly ground temperatures reached 6.8 °C in Decem-
ber 2020/21 (5 cm) to —0.9 °C in February 2016/17 (75 cm) whereas the
minimum monthly ground temperatures dropped to —19.1 °C in July
2019/20 (5 cm) to —12.8 °C in August 2011/12 (75 cm). The maximum
mean daily ground temperature reached 13.0 °C at a depth of 5 cm
(on the 2nd of January 2016), but it did not exceed 0 °C at a depth of
75 cm (—0.8 °C on the 15th of February 2017). Whereas MAGTs followed
the statistically significant (p < 0.05) warming trend of 1.3 °C/decade, the
warming trends of MAGTs (1.0 °C/decade) and MAGT;s (0.8 °C/decade)
were statistically insignificant at p < 0.05.

The mean observed ALT in the period 2011/12-2020/21 reached
60 cm. It varied between 50 cm (2013/14) and 67 cm (2016/17). ALT
followed a strong positive trend of 12 cm/decade, but statistically insignif-
icant at p < 0.05.

Throughout the period 2011/12-2020/21, the thawing seasons were
more than twice as short as the freezing seasons (according to ground
temperature). Their length varied between 91 (2014/15) and 186 days
(2016/17) with an average of 117 days, whereas the length of freezing sea-
sons was between 206 (2016,/17) and 303 days (2012/13) with an average
of 248 days. The total duration of annual period then ranged from 329
(2017/18) to 403 days (2012/13). The mean duration of the annual cycle
was equal to 365 days, which coincides with the duration of the clearly
defined annual cycle from March to February.

Table 2
MAAT, MAGTs, MAGTso, MAGTs, ALT and their trends for the period from March
2011 to February 2021.

Period MAAT MAGTs MAGTs, MAGT5 ALT
[§9] [§9] [§9] (§9)] (cm)
2011/12 —-8.2 —-6.4 —-6.2 -6.3 58
2012/13 -8.1 —-6.8 -6.1 —-6.1 52
2013/14 -7.4 -5.7 -5.5 —-5.7 50
2014/15 -6.7 -5.0 —-5.2 —-5.4 63
2015/16 -7.0 —-5.6 —-5.8 -59 65
2016/17 -39 -34 -4.0 —4.4 67
2017/18 —-6.6 -5.6 -5.2 —-5.2 59
2018/19 -6.0 -5.1 —-5.2 -5.3 56
2019/20 —-6.5 -5.5 -5.6 —-5.8 66
2020/21 —-6.4 -5.0 -5.3 -55 66
Average -6.7 —-5.4 -54 —5.6 60
Trend/decade 1.9#x 1.3% 1.0™% 0.8™% 12™%

n.s. not significant.
** Trend at p < 0.01 level of significance.
* Trend at p < 0.05 level of significance.
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Fig. 4. Daily and monthly air temperature (AT) and ground temperature at a depth
of 5 cm (GTs), 50 cm (GTs0) and 75 cm (GTs5) in the period from March 2011 to
February 2021.

4.2. Permafrost table temperature and active layer thickness reconstruction in the
period 2004/05-2020/21

ITOP had an average of —5.5 °C in the period 2011/12-2020/21. The
highest ITOP (—4.0 °C) was recorded in 2016/17 and the lowest ITOP
(—6.6 °C) in 2011/12, which was the only value lower than —6 °C. Most
of the ITOP values are in a very narrow range of —5.3 °C to —5.8 °C
(Table 3). ITOP followed a positive trend of 0.4 °C/decade (non-significant
atp < 0.05).

The average TTOP value was — 5.8 °C, with a maximum of —3.6 °C
(2016/17) and a minimum of —7.7 °C (2009/10) (Table 3, Fig. 5B). Com-
paring the modelled TTOP with the ITOP, the absolute differences varied
from 0.03 °C to 0.82 °C. The results of the TTOP model were all
underestimated by —0.1 °C to —0.8 °C except for the year 2016/17, in
which the model overestimated the permafrost table temperature by
0.5 °C. Statistically significant correlation (p < 0.001) of 0.95 between the
modelled TTOP and ITOP was found during the period 2011,/12-2020/
21 (Fig. 5A). The mean absolute error was 0.36 °C and the RMSE was
0.52 °C.

Table 3
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The variability of measured MAAT and modelled TTOP values has a
similar pattern (Fig. 5B), although MAAT varied more (—7.2 °C to
—3.5°C) than TTOP (—6.6 °C to —4.0 °C). MAAT and TTOP show a high
year-on-year variability especially until 2011/12. In the second part of
the period (2012/13-2020/21), their variability decreased, except for
2016/17.

Mean modelled ALT during the period 2004/05-2020/21 was 60 cm.
ALT varied relatively slightly between 51 cm in 2009/10 and 67 cm in
2005/06 (Fig. 6B). The ALT trend during 2004/05-2020/21 was found
as a slightly negative, showing active-layer thinning of 1.6 cm/decade
(non-significant at p < 0.05). The validation against the observed ALT
confirmed that the corrected Stefan model provided reliable results.
The differences varied between —6 and 5 cm, which corresponded to
—10.5 and 8.8 %, respectively. Generally, the model tended to slightly un-
derestimate ALT in 5 of 10 cases whereas it overestimated it in 2 cases. The
mean error and mean absolute error were —1.5 cm and 2.7 cm, respec-
tively. The RMSE was 3.54 cm.

As documented in Fig. 7, the TTOP correlated with MAAT strongly and
significantly (r = 0.99; p < 0.001) whereas the ALT correlated with the
MAAT significantly but on a moderate level (r = 0.44; p < 0.01). The anal-
ysis of the relationship between modelled ALT and TTOP showed a moder-
ate, statistically significant correlation (r = 0.48, p < 0.01). TTOP was
controlled strongly by the FDDy; values (r = 0.90, p < 0.001). TTOP and
TDDy; exhibited a moderate relationship only (r = 0.54, p < 0.05). Since
the Stefan model is a function of TDD, we did not consider ALT values for
this analysis.

5. Discussion
5.1. Variability of air and ground temperatures and active layer thickness

In general, there is a long-term rising trend of permafrost temperatures
in many locations around the world (e. g. Biskaborn et al., 2019;
Stammerjohn et al., 2021). Yet, the variability in local level also depends
on several factors such as MAAT, ground thermal properties, lithologic con-
ditions, occurrence of vegetation, snow cover, or surface type and charac-
teristics (Chaves et al., 2017; Smith and Riseborough, 2002; Bockheim
et al., 2013; French, 2017). In the shorter term, regions with warm perma-
frost (2-3 °C below zero) are more endangered in terms of permafrost
thawing.

The global permafrost temperatures at the depth of zero annual ampli-
tude rose by 0.29 = 0.12 °C/decade (Biskaborn et al., 2019). The most

Seasonal thawing and freezing degree-days (TDD,, FDDA, TDDgrs, FDDgrs, TDDy, FDDy), duration of thawing and freezing seasons, observed ALT and modelled ALTy, ITOP

and TTOP in the period 2004,/05-2020/21.

Period TDD, TDDgrs TDDy FDD, FDDgrs FDDy Dty (days) Dfa (days) Dtgrs (days)  Dfgrs (days) — ALT ALTy, ITOP  TTOP
(*Cdays) (*Cdays) (‘Cdays) (‘Cdays) (‘Cdays) (°Cdays) (cm) (cm) (o) “C)
2004/05 195 - 554 —2027 - —2085 115 252 - - - 64 - —4,63
2005/06 234 - 608 —2355 - —2308 114 245 - - - 67 - —5,25
2006/07 122 - 451 —1943 - —2028 110 242 - - - 58 - —4,87
2007/08 168 - 516 —3420 - —3033 86 291 - - - 62 - -7,09
2008/09 199 - 559 —2290 - —2264 84 266 - - - 65 - -5,35
2009/10 40 - 336 —3169 - —2862 36 307 - - - 51 - —7,66
2010/11 155 - 498 —2182 - —2190 131 281 - - - 60 - —4,47
2011/12 119 468 447 —3050 —2812 —2781 100 243 101 243 58 58 —-6.6 -7,20
2012/13 109 355 433 —3044 —2782 -2777 82 321 100 303 52 57 -55 —6,14
2013/14 51 379 352 —2741 —2480 —2571 83 269 111 239 50 51 -58 —6,61
2014/15 116 456 443 —2531 —2302 —2428 82 264 91 261 63 57 —-5.4 -6,12
2015/16 210 506 575 —2803 —2579 —2613 107 276 106 272 65 65 -5.7 -5,78
2016/17 190 600 547 -1597 -1783 -1792 166 226 186 206 67 62 -4.0 -3,60
2017/18 110 404 435 —2458 —2483 —2378 110 218 109 220 59 57 -57 —6,33
2018/19 76 388 387 —2289 —2251 —2263 83 271 116 240 56 53 -5.3 -5,63
2019/20 160 554 505 —2589 —2566 —2468 127 269 128 265 66 61 -54 -534
2020/21 221 603 590 —2539 —2467 —2433 115 230 117 229 66 66 -57 =586
2004/21 146 - 484 —2531 - —2428 102 263 - - - 60 - -5,80
2011/21 132 471 471 — 2564 —2451 —2451 106 259 117 248 60 59 -5.5 —5,90
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Fig. 5. (A) The 1:1 plot of the modelled TTOP and observed ITOP and (B) the variability of mean annual air temperature (MAAT) (averages for individually defined years) and

TTOP during period 2004/05-2020/21.

pronounced warming rates of permafrost are currently in the Arctic regions
(e. g. Stammerjohn et al., 2021; Li et al., 2022). According to Biskaborn
et al. (2019), the permafrost temperatures in the Arctic continuous perma-
frost zone increased by 0.39 =+ 0.15 °C/decade during the period
2007-2016. The permafrost in Antarctica showed a warming trend of
0.37 = 0.10 °C/decade. However, their findings from Antarctica are not
statistically significant and might be related to the lack of data and the
scarce coverage of study sites. It is also important to note that only three
sites from western Antarctic Peninsula were involved into their study.
The sites in South Shetlands exhibited a warming trend of 0.25 to
0.73 °C/decade whereas the trend was negative at the site in western
Antarctic Peninsula (Faraday/Vernadsky station) of —0.15 °C/decade.

Notably, the results on active layer thermal regime or thickness pre-
sented from Antarctic Peninsula in the period before 2015 reported
near-surface temperature cooling (e.g. Hrbacek et al., 2021) or active
layer thinning (e.g. Ramos et al., 2017; de Pablo et al., 2017; Hrbacek
and Uxa, 2020) as results of atmospheric cooling in the region (Turner
et al., 2016; Oliva et al., 2017).

Our results from AWS-JGM represent the longest dataset of continuous
ground temperature and ALT presented in the Antarctica Peninsula region
to date. The 17-year period 2004/05-2020/21 is characterized by a posi-
tive trend of 0.6 °C/decade for MAAT, —0.1 °C/decade for TTOP and
—1.6 cm/decade for ALT, all statistically non-significant at p < 0.05 (see
Fig. 8). The mismatch between MAAT and TTOP trend is very likely the re-
sult of non-linear evolution of the temperatures over the study period and
the sensitivity of used statistics for trend analysis (Fig. 8). A similar mis-
match between trends is also mentioned in a study by Hrbacek and Uxa
(2020).
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For MAAT, TTOP and ALT (see Fig. 8), the breaking point with the most
negative temperature and thickness anomalies is the year 2011/12, and
since 2013/14 at the latest, there has been a stable growth of these param-
eters. Before, there was a decline in their values. The temperature anoma-
lies values of the centred moving averages at the beginning and end of
the study period was similar. Likewise, the results from other regions in
Antarctica reported rather stable conditions without any notable trend
(Carshalton et al., 2022) or warming and thickening trends (Cannone
et al., 2021). Seasonality of cooling thus presents challenges for models
dealing with climate change and ecosystems (Doran et al., 2002).

However, when dividing the time series into two parts, the temperature
trends are quite different. In the period 2004/05-2010/11, MAAT and
TTOP at AWS-JGM tended to decrease at a rate of —1.3 °C/decade and
—1.8 °C/decade, respectively (non-significant at p < 0.05), while in the pe-
riod 2011/12-2020/21 they showed an increasing tendency of 1.9 °C/de-
cade and 1.5 °C/decade, respectively (significant at p < 0.01). Similar
pattern also exhibited ALT which followed a trend —2.3 cm/year in the
short period 2004/05 to 2010/11 whereas the trend was 0.3 cm/year in
the period 2011/12 to 2020/21.

Data from other surrounding stations in the Antarctic Peninsula region
were used to compare air temperature trends (Fig. 8). These stations pro-
vide continuous datasets and were included also to recent studies reporting
the air temperature variability in the region (Turner et al., 2016; Oliva
etal.,, 2017; Turner et al., 2020). The similar course of 5-years centred mov-
ing average and the warming trends between 0.15 and 0.6 °C/decade were
observed on the station located in northern part of Antarctic Peninsula
(Esperanza, Marambio and Bellinghausen) whereas the air temperature
course on Faraday/Vernadsky located in Western Antarctic Peninsula was

2011

2012
2013
2014
2015
2016
2017
2018
2019
2020

[T Observed ALT

Fig. 6. (A) The 1:1 plot of the modelled and observed ALT and (B) the variability of the modelled ALT in the period 2004/05-2020/21 and the observed ALT in the period

2011/12-2020/21.
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considerably different. The common result of all stations is the turning
point in the year 2013/14. Such temperature conditions suggest that the
results from AWS-JGM can be representative for the wider area of the
northern part of Antarctic Peninsula region.

Air temperature trends at all selected stations are within a range of
—0.02 to 0.6 °C/decade, indicating a warming in the first half of the 21st
century. The temperature trend of the upper part of the permafrost points
to relatively more stable conditions in the soil environment in the Antarctic
Peninsula region. The apparent mismatch in the temperature trends sug-
gests that in terms of statistical significance it is necessary to consider any
short-term values with a big caution because even small change (exten-
sion/shortening) of the reference period can turn the trend direction from
positive to negative or cause (in)significance (Turner et al., 2005). Such
statistically-based changes and generally large mismatch of results
reporting atmospheric cooling (e.g. Turner et al., 2016; Oliva et al., 2017;
Ramos et al., 2017; de Pablo et al., 2017; Hrbacek and Uxa, 2020) or
warming (Biskaborn et al., 2019; this study) and associated impacts on
active layer and permafrost thermal regime document large short-term var-
iability of the climate conditions and high sensitivity of trends on the spe-
cific selection of study period. This fact generally confirms the suggestion
by Gonzalez and Fortuny (2018) that at least 30-year long dataset is neces-
sary to reliably interpret the trend magnitude. The problem is that only
short time series of air temperatures and even shorter ground or permafrost
temperatures are available from Antarctica so far.

5.2. Suitability of the TTOP and Stefan model

5.2.1. TTOP model

In the case of our results, the TTOP model outputs were validated over a
10-year reference period 2011/12-2020/21 using ITOP derived from
ground temperatures at a depth of 50 and 75 cm and ALT. A statistically

significant correlation (p < 0.001) of 0.95 was identified between the
modelled and observed data (see Fig. 5). Despite the validation and verified
model outputs, there are several limitations, which are reflected in the re-
sults of reconstruction and caused mainly underestimation of the modelled
values (except for 2016/17) with an average difference of the measured
values 0.36 °C. Table 3 includes outputs of the modelled and reconstructed
permafrost table temperatures, which mostly ranged from —5°Cto —7 °C
(with an average of —5.8 °C in the period 2004/05-2020,/21).

Part of the analysis of Obu et al. (2020), which was based on ERA-
Interim and parameterized data, was the James Ross Island region, which
was characterized by ground temperatures in the range of —3 °C to
—7 °C, depending on the altitude. Specifically for the AWS-JGM, the
modelled average MAGT was —4.98 °C, while the difference compared to
the measured values of MAGT was 0.62 °C. The model showed the mean
error of —0.17 °C and RMSE of 1.94 °C (for the entire territory of
Antarctica). RMSE turned out better in our results and was lower, specifi-
cally 0.52 °C. In the case of the Arctic regions and the use of the TTOP
model, the modelled temperatures were compared with the measured tem-
peratures from the boreholes, with the mean error of —0.08 °C and the
RMSE being 1.99 °C, slightly higher than in Antarctica (Obu et al., 2019).
In the case of using the CryoGRID 1.0 model (CryoGRID 1.0 is based on
the TTOP-modelling approach, Smith and Riseborough, 1996) the results
show a good agreement with the mean annual ground temperatures with
RMSE of 0.7 °C (in Norway) (Gisnas et al., 2013). The TTOP model or its
further adaptations (e. g. mentioned CryoGRID 1) has been used in various
regions to calculate the permafrost table temperature, especially in the
northern hemisphere (e. g. Smith and Riseborough, 2002; Gisnas et al.,
2013; Obu et al., 2019). However, it has been applied and validated only
a few times in Antarctica (Ferreira et al., 2017; Hrbacek et al., 2020; Obu
et al., 2020). The disadvantage of the TTOP model is the assumption of a
homogeneous profile. The model also assumes a state of thermal
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Fig. 8. Centered moving averages with 5-year window for anomalies of (A) MAAT at Bellinghausen, Faraday/Vernadsky, Esperanza, AWS-JGM, Marambio stations and
(B) modelled permafrost table temperature (TTOP) and ALT at the AWS-JGM station supplemented by their trend values during the period 2004/05-2020/21. [Data
(AT) from stations (except AWS-JGM) were obtained from the Reference Antarctic Data for Environmental Research (READER) database.].

equilibrium between the atmosphere and the ground. Equilibrium within
the year is also assumed, as the modelled values represent the mean annual
temperatures of the permafrost table (Riseborough, 2003; Wright et al.,
2003). On the other hand, it is a great advantage that for the calculation it-
self it is enough to know the ratio of thawed and frozen thermal conductiv-
ity (Riseborough et al., 2008; Ferreira et al., 2017; Hrbacek and Uxa, 2020).
Due to the lower input data requirements, the TTOP model is also suitable
for spatial permafrost mapping on a regional scale, which can reveal the
potential impacts of climate change on permafrost (Wright et al., 2003).

5.2.2. Stefan model

The overall suitability and accuracy of the Stefan model was discussed
in detail in our previous work (Hrbacek and Uxa, 2020 and references
therein). Results from AWS-JGM generally confirm a very high reliability
of the Stefan model for bare-ground conditions on James Ross Island.
The model validation showed that the mean absolute error was 2.7 cm
(4.7 %), which is slightly better than that observed on Abernethy Flats
site (Hrbacek and Uxa, 2020). Notably, the validation of the modelled
ALT at AWS-JGM was done against more robust dataset, which substan-
tially increased the reliability of the used approach. Our results also confirm
that the polynomial correction proposed by Kurylyk and Hayashi (2016)
significantly improved the accuracy of the model, as without this correction
it would have a mean absolute error of 4.5 cm (7.0 %). The general ten-
dency of slight ALT overestimation on James Ross Island might be caused
by the fact that maximum thaw depths are usually observed in the mid-
February, whereas the usual end of thawing seasons occurs at the turn of
February and March (e. g. Hrbacek et al., 2017). The TDD covering the en-
tire thawing season is therefore slightly higher than what it would be for the
period between the beginning of thawing season and the time of maximum
thaw depth. Certain inaccuracy of Stefan model on AWS-JGM can related to
the fact that, we modelled TDDgrs from air temperature data. The differ-
ence between TDDgrs and TDDy, in the reference period 2011,/12-2020/
21 was 78 and —53 °C days (see Table 3). Consequently, the highest errors

of modelled ALT occurred in the years 2012/13, 2014/15 and 2019/20
when the differences between TDDgrs and TDDy; were highest. Other pos-
sible source of the inaccuracy is the use of constant thermal and moisture
parameters, because these can vary from year to year. However, the small
mean absolute error suggests that this affects the model outputs only to a
limited extent. Additionally, constant ground physical parameters have
been used previously to successfully model the temporal variability of
ALT (e.g. Romanovsky et al., 1997; Sazanova and Romanovsky, 2003;
Hrbacek and Uxa, 2020).

5.3. Effect of changes in ground thermal regime and ALT

Our observations confirmed only medium correlation of 0.44 (p <
0.001) between MAAT and ALT which was reported from other site on
James Ross Island (Hrbacek and Uxa, 2020). Very strong positive correla-
tion of 0.99 between MAAT and TTOP (see Fig. 7) is a result of bare-
ground conditions (without vegetation) and limited snow cover. The result
of the correlation is also influenced by the calculation of TTOP from the
modelled seasonal indices. The daily and monthly means indicate a
decrease in interannual variability from air temperature to ground temper-
ature measured at a depth of 75 cm (see Fig. 4). The difference between the
TTOP and the mean annual surface temperature is referred to as the ther-
mal offset (Goodrich, 1982; Smith and Riseborough, 2002; French, 2017).
The average thermal offset for the period 2011/12-2020/21 ranged from
—0.1°C(2011/12,2015/16, 2018/19) to —0.7 °C (2014/15; 2017/18;
2020/21). The thermal offset is conditioned by different thermal conduc-
tivity of thawed and frozen ground (Burn and Smith, 1988). However,
the difference may be even larger due to the fact that the ground
temperature was not measured at the surface but at a depth of 5 cm.
Permafrost could thus occur in a given location and influence the
soil environment even if the mean annual temperatures on the near-
surface reach positive temperatures.
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Even though we observed slightly negative trend of permafrost table
temperature and ALT over study period, it is predicted that the atmospheric
warming by 0.5 to 1.5 °C will occur in the Antarctic Peninsula region in the
near-future period 2020-2044 (Bozkurt et al., 2021). The second part of
our study period also points to positive temperature trends. Considering
very strong correlation between MAAT and TTOP observed on AWS-JGM
(see Fig. 7), we can expect gradual increase in the permafrost table temper-
ature also on James Ross Island. It is also highly probable that active-layer
thickening will occur as the predictions expect summer air temperature in-
crease by 0.3 and 0.8 °C in the leeward side of Antarctic Peninsula (Bozkurt
etal., 2021). Such an air temperature change corresponds to TDD, increase
by ca. 30-80 °C.days during summer months. In total, TDD, might increase
from current long-term mean of 146 °C.days to values around 170-230 °C.
days, which then corresponds to TDDgrs > 600 °C.days. Under such condi-
tions, the ALT will very likely reach >70 cm, which is ca. 15 % more than its
current average (see Table 2).

Notably, expected changes in soil thermal regime and ALT may signifi-
cantly affect the environment on James Ross Island area. Considering the
analogue scenarios from another parts of Antarctica, we can conclude
that even a short warming period can alter the soil biogeochemical proper-
ties relatively rapidly (Cannone et al., 2021). For example, acceleration of
soil carbon cycling can foster the conditions allowing the vegetation growth
and soil organic matter forming on James Ross Island (Prater et al., 2021).
On the other hand, the active-layer thickening will most likely cause the
draining of surficial water into the deeper part of the soil profile, which, to-
gether with more intensive soil vapour caused by surface warming, will
very likely lead to drying of the surficial part of the ground (e. g. Xue
et al., 2009; Andresen et al., 2020), which might have a negative effect
on the health and the abundance of the local vegetation (Robinson et al.,
2018). The drying of the surfaces could subsequently increase the amount
of the finest soil fraction, which is relocated by the dust storms typical for
the area of James Ross Island (Kavan et al., 2018).

6. Conclusions

Study of the permafrost table temperature and active layer thickness
on AWS-JGM, James Ross Island, Eastern Antarctic Peninsula region,
in the period from March 2004 to February 2021, has these main
conclusions:

1) The TTOP and Stefan models are suitable tools for modelling the perma-
frost table temperature and the active layer thickness, respectively, in
the James Ross Island region.

2) The measured MAAT reached — 6.6 °C and ranged from — 3.9 °C (2016/
17) to —9.1 °C (2009/10), the permafrost table temperature using the
TTOP model averaged —5.8 °C, ranging from —3.6 °C (2016/17) to
—7.7 °C (2009/10).

3) The modelled ALT using the Stefan model reached an average of 60 cm,
with a minimum thickness of 51 ¢cm (2009/10) and a maximum thick-
ness of 67 cm (2005/06).

4) A statistically significant correlation (p < 0.001) of 0.95 was observed
between TTOP and ITOP in the reference period 2011,/12-2020/21.
The mean absolute error was 0.36 °C and the RMSE was 0.52 °C.

5) A statistically significant correlation (p < 0.01) of 0.84 was detected be-
tween modelled and observed values of ALT in the reference period
2011/12-2020/21. The RMSE was 3.54 cm.

6) The positive trend of the measured AT was 0.6 °C/decade whereas
the trend of the modelled permafrost table temperature (TTOP)
showed a slight cooling of —0.1 °C/decade and active layer thick-
ness thinned by —1.6 cm/decade. However, all trends were not sta-
tistically significant.

7) MAAT in the period up to 2010/11 showed a decreasing tendency of
—1.3 °C/decade (non-significant at p < 0.05) and the period from
2011/12 has a warming character of 1.9 °C/decade (significant at p
< 0.01). The tendency of the TTOP indicates a cooling of-1.8 °C/de-
cade by 2010 (non-significant at p < 0.05) and warming of 1.5 °C/
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decade by 2020 (significant at p < 0.01). For ALT, there was a
thinning of —6.7 cm/decade until 2010/11 and a thickening of
3.3 em/decade until 2020/21 (both non-significant at p < 0.05).

Further changes in climatic conditions are expected to affect the local
environment in the next decades. Systematic monitoring and advance in
thermal modelling of the ice-free area is essential for assessing the impacts
of climate change on the Antarctic terrestrial environment. The dynamics of
permafrost and active layer are affected by a number of environmental,
mainly abiotic, factors like moisture, texture or geochemical composition
that are not always systematically monitored in remote regions, such as
Antarctica. Therefore, numerical modelling of permafrost and active layer
is challenging and always requires verification using in-situ observations
to get more accurate results.
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ABSTRACT

The Circumpolar Active Layer Monitoring-South (CALM-S) site was established near the Johann Gregor Mendel (JGM) research
station on James Ross Island in February 2014. The CALM-S JGM grid, measuring 80 X 70m, encompasses two distinct litho-
logical units: a Holocene marine terrace (covering approximately 75% of the grid) and Cretaceous sediments of the Whisky Bay
Formation (covering the remaining 25%). Within each lithology, a monitoring profile was established to track the active layer
thermal regime and thickness. Additionally, active layer thaw depth probing has been conducted annually around mid-February.
Since 2017, the dataset has been further supplemented by surficial soil water content measurements. During the study period
(2013/14-2022/23), air temperature increased at a rate of 0.2°C per year. Consequently, the active layer thickness, defined by the
0°C isotherm, increased by an average of 1.5cm per year, while mechanically probed thaw depths showed an annual increase
of 1.9cm. This study confirms that local lithology strongly influences active layer thermal regime. On average, the active layer
thickness was 24 cm greater on AWS-CALM (Cretaceous sediments) than on AWS-JGM (marine terrace). The thaw depth was
28 cm greater in the Cretaceous sediment part of CALM-S compared with the marine terrace part. A strong correlation (r=0.82
to r=0.91) was found between active layer thickness and thaw depth with thawing degree days of air and near-surface ground
temperature in both lithologies.

isotherm and the overall climatic conditions of the CALM sites.
Recently, CALM monitoring results have been summarised for

1 | Introduction

Active layer thickness (ALT) and temperature are two import-
ant climatic variables of permafrost environments [1, 2]. The
Circumpolar Active Layer Monitoring (CALM) programme is
one of the first international projects to standardise the moni-
toring of the active layer thermal regime and thaw depth. The
predominant monitoring approach is to use mechanical prob-
ing to detect the active layer thaw depth within the grid nodes
(e.g. [1, 3]). Furthermore, the CALM sites are equipped with
active layer and permafrost temperature monitoring systems,
which provide data for the ALT derived as the depth of the 0°C

North America [4], Siberia [5, 6], and Antarctica [7]. Moreover,
a number of studies conducted over the past two decades have
focused on a detailed assessment of thaw depth variability at
CALM sites situated in various regions of the Arctic (e.g. [8-13])
and Antarctica (e.g. [7, 14-21]).

The estimated extent of global permafrost is between 14 and
16 million km? [22]. Of this total, only 45,000 to 70,000km? is
located in the ice-free areas of Antarctica [23]. These ice-free
areas are fragmented into a mosaic of very small rock outcrops

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

properly cited.

© 2025 The Author(s). Permafrost and Periglacial Processes published by John Wiley & Sons Ltd.

Permafrost and Periglacial Processes, 2025; 0:1-12
https://doi.org/10.1002/ppp.2274

1of 12


https://doi.org/10.1002/ppp.2274
https://doi.org/10.1002/ppp.2274
https://orcid.org/0000-0001-5032-9216
mailto:
mailto:hrbacekfilip@gmail.com
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fppp.2274&domain=pdf&date_stamp=2025-03-27

covering up to a few hectares and larger Antarctic oases cov-
ering tens or hundreds of square kilometres. In contrast to the
permafrost and active layer monitoring sites listed in the Global
Terrestrial Network for Permafrost database (GTN-P), which
have more than 80 profiles [23], the CALM-S (Circumpolar
Active Layer Monitoring - South) database contains only nine
sites [24]. Most of the CALM-S sites (six out of nine) are lo-
cated in the Antarctic Peninsula region. This limited number of
CALMS-S sites in Antarctica is primarily caused by the local con-
ditions that are unfavourable for thaw depth probing measure-
ments (e.g. [1, 15]). Other limitations include logistic constraints
or climate conditions like long-lasting snow cover presence,
preventing the measurements (e.g. [20]). Nevertheless, the few
CALMS-S sites in Antarctica have provided valuable data to
understand active layer thaw depth variability under different
conditions. In particular, the factors studied in Antarctica were
local lithology [18], snow cover [16, 20, 25], and vegetation [16].
The effect of these factors can result in a local thaw depth vari-
ability of up to 50 cm over the 100 X 100m area.

The objective of this study is to evaluate the first decade (2014-2023)
of active layer thermal regime, ALT and thaw depth monitoring on
the CALM-S near Johann Gregor Mendel station (CALM-S JGM),
including the first years (2017-2023) of surficial volumetric water
content (VWC) monitoring. The initial results from CALM-S JGM
have already been published, focusing on a general description and
the role of lithology on thaw depth variability [18], an assessment
of the effect of summer snow cover on active layer thaw depth and
an example of a reference plot for a geophysical survey [26]. This
study will particularly focus on the following:

a. evaluation of decadal trends in active layer thermal regime,
thickness and thaw depth,

b. assessment of temperature influence on ALT and thaw
depth,

c. analysis of the spatial and temporal variability of VWC and
its influence on thaw depth.

2 | Methods
2.1 | Study Area

James Ross Island is located in the northeastern part of the
Antarctic Peninsula. It is the largest island in the region (ap-
proximately 2400km?), with ice-free areas covering more than
500km? of its surface. Such an extension forms the largest mosa-
ics of ice-free areas in the Antarctic Peninsula region (e.g. [23]).
The area of interest is the northern part of James Ross Island,
called Ulu Peninsula. The mean annual air temperature near
sea level was —6.7°C in the period 2004-2021 [27]. Precipitation
is estimated to be between 300 and 700 m w.e./year [28], mainly
snowy. The snow is strongly redistributed by wind [29], lead-
ing to relatively low accumulations in flat areas (e.g. [30]). The
permafrost is continuous [31], with ALT generally ranging from
about 40 up to 120cm (e.g. [23]).

2.2 | CALM-SJGM

The CALM-SJGM grid of 80 x 70m has a reduced size in respect
to the CALM standard due to Johann Gregor Mendel station fa-
cilities located to the north and the area formed by soils that
are difficult to probe to the south (Figure 1). The site is elevated
between 8 and 12m a.s.l., and it is gently inclined (1-5°) towards
the north. The lithology of the CALM-S JGM consists of about
75% of gravelly to sandy sediments of a Holocene marine terrace
and the remaining 25% of silt-loam sediments of the Whisky
Bay Fm. of Cretaceous origin [18]. The CALM-S JGM area was
delineated using a total station connected to the local geodetic
network [32].
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2.3 | Automatic Monitoring Stations

The CALM-S JGM is equipped with an automatic weather
station (AWS) and two profiles for ground temperature moni-
toring. The profile AWS-JGM is located on a Holocene marine
terrace, whereas the profile AWS-CALM is located within the
Cretaceous sediments of Whisky Bay Formation (Figure 1). The
AWS-JGM provides air temperature data measured at 2m above
the ground surface using a Minikin TH sensor (EMS Brno) with
an accuracy of =0.15°C placed in a protective radiation shield.
AWS-JGM and AWS-CALM provide ground temperature data
measured in a 200-cm deep profile using Pt100/8 thermom-
eters (accuracy +0.15°C; EMS Brno) placed directly to the
ground. Data are recorded at 30-min intervals using dataloggers
EdgeBox V12 (EMS Brno).

2.3.1 | DataProcessing

The data from the air temperature and ground temperature
sensors at 5-, 50-, 75-, 100-, and 200-cm depths were used
from the AWS-JGM and AWS-CALM. The raw 30-min data
from the temperature measurements were used to calculate
daily means and subsequently utilised to compute monthly
and annual averages. In accordance with previous studies
(e.g. [18, 27]), the annual means were calculated for the period
from March to February to contain a complete sequence of a
freezing and thawing season. The temporal trends of selected
parameters were established using the MAKESENS 1.0 appli-
cation [33].

The datasets were continuous, with the exception of AWS-
CALM ground temperatures, which were missing due to data
logger malfunction in the period between 11 October 2016 to 21
January 2017. The mean daily temperatures were recalculated
using linear regression models (R?>0.99 in all cases) based on
relationships between ground temperatures of particular depths
measured on AWS-CALM and AWS-JGM from 1 September
2016 to 28 February 2017.

The mean daily ground temperatures at a depth of 5cm were
further used for the determination of thawing seasons and freez-
ing seasons defined as a period with the prevailing positive and
negative temperatures, respectively, and for the calculation of
degree days indices (e.g. [34-36]):

1. Thawing degree day (TDD) indices summarise the
positive daily mean temperatures during the thaw-
ing season. For each season, TDD of air (TDDa) and
ground temperatures at depths of 5¢m (TDD,) and 50 cm
(TDD, ) were defined for the periods (a) from the begin-
ning of the thawing season until the day with maximum
ALT (e.g. [1]), further referred to as TDD,, and (b) resid-
ual TDD for the whole thawing season, further referred
to as TDD,.

2. Freezing degree day (FDD) indices summarise the
negative daily mean temperatures during the freez-
ing season. FDDs were calculated for air temperature
(FDD,) and ground temperature at a depth of 5cm
(FDD,).

2.4 | ALT

ALT refers to the maximum annual depth of 0°C isotherm. It
was calculated for the day when the maximum positive tempera-
ture was detected on the bottommost sensor in the active layer
using a linear interpolation with the closest sensor recording
temperature <0°C. The pairs of these depths were 50 and 75cm
and 75 and 100cm on AWS-JGM and AWS-CALM, respectively.

2.5 | Active Layer Thaw Depth and Volumetric
Water Content

Thaw depth measurements were conducted using frost
probes with a diameter of 1cm and lengths of 120 or 140cm.
Measurements were taken 1 to 3 times during the thawing sea-
son to obtain data as close as possible to the seasonal ALT maxi-
mum. The annual thaw depth was calculated as the mean value
of the 72 points. Data visualization was performed in Surfer 23
(Golden Software) using the kriging method. The data from 2021
were missing due to technical difficulties with the probing and
were substituted using a multiple regression model (R>=0.88;
p <0.01) based on the relationship between thaw depth and ALT
during the period 2014 to 2023:

TD = ALT yys_sonr X — 0.004 + ALT 4y carns X 1.02 — 10.863

where TD represents the mean thaw depth value on the CALM-S
JGM site, and ALT 6 ;o0 @0 ALT o o410, TEPTESENE aNNUAL

ALTs observed on both study profiles.

Since 2017, the VWC has been measured using a Hydrosense II
device equipped with a TDR probe CS659 (Campbel Sci.) with an
electrode length of 12cm (accuracy +3%). The measurement was
carried out within a 1-m radius from each grid node of CALM-S
JGM. The representative value was obtained as a mean from at
least two measurements with a less than 5% difference. VWC mea-
surements were conducted on the same day as the active layer thaw
depth probed. Finally, to obtain values of thaw depth and VWC
representing both lithological formations, we defined two areas,
counting 10 nodes and 18 nodes for Whisky Bay Fm. (Part WB)
and Holocene marine terrace (Part MT), respectively (Figure 1).

3 | Results
3.1 | Air and Ground Thermal Regime
3.1.1 | Air Temperature AWS-JGM

The mean annual air temperature (MAAT) was —5.8°C, and
it ranged from —3.6°C (2022/23) to —7.4°C (2013/14) (Table 1).
During the study period, the MAAT exhibited an increasing
trend of 0.2°C/year (significant at p<0.05). The mean monthly
air temperature was positive only during the summer months
from December to February. The warmest month recorded was
January 2023 (3.0°C). Mean daily temperatures exceeded 5°C
in each summer season. The maximum mean daily tempera-
ture (11.2°C) was recorded on 2 January 2016 (Figure 2). The
mean value of TDD,, was 139°C-days (25°C-days in 2013/14
to 256°C-days in 2022/23), while the mean value of TDD,, was
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TABLE1 | Mean annual air (AT) and ground temperatures (GT) on the AWS-JGM and AWS-CALM in the seasons 2013-2023.

AWS-JGM AWS-CALM
AT GT5 GT50 GT100 GT200 GT5 GT50 GT100 GT200

2013/2014 -7.4 -5.4 -5.5 -6.0 -6.0 — — — —

2014/2015 -6.7 -5.0 -5.1 =5.7 -5.6 -4.9 -5.0 =5.2 =5.2
2015/2016 -7.0 —5.6 -5.8 -6.3 -6.0 -5.6 -5.8 =5.7 =5.7
2016/2017 -39 -3.3 -4.0 —-4.8 =5.1 -3.5 —-4.2 —-4.6 —-4.7
2017/2018 —6.6 -5.6 =5.1 -5.4 =5.2 -5.3 =53 =5.1 =5.1
2018/2019 —6.0 =51 =51 -5.6 —5.4 -4.6 —-4.7 —-4.7 -4.8
2019/2020 -6.5 -5.4 -5.6 —6.1 -5.8 -4.6 -4.9 =5.1 =5.1
2020/2021 —-6.4 =5.0 -5.3 -5.8 —5.6 -5.0 =53 —5.4 -5.4
2021/2022 —-4.7 -4.3 —-4.7 =53 -5.4 —-4.1 —-4.4 —-4.6 —-4.7
2022/2023 -3.6 -3.0 -3.7 -4.5 —-4.7 =27 -3.2 -3.6 -3.8
2013-2023 =59 -4.8 -5.0 =5.5 =5.5 —-4.5 -4.8 -4.9 =5.0
Annual trend 0.20* 0.12 0.10 0.09 0.08 0.16 0.18 0.13 0.10

*Statistically significant at p <0.05.

185°C-days (61°C-days in 2013/14) to 274°C-days in 2021/22)
(Figure 3). The mean monthly air temperature in winter occa-
sionally dropped below —15°C. The minimum observed monthly
temperature was —20.1°C in August 2020, and the daily min-
imum of —29.5°C was recorded on 18 August 2014 (Figure 2).
The mean FDD, was —2397°C-days, ranging from —2767°C-days
(2013) to —1648°C-days (2022) (Figure 3).

3.1.2 | Ground Temperature AWS-JGM

The mean annual ground temperature (MAGT) on AWS-JGM
ranged from —4.8°C (5cm) to —5.5°C (200 cm) during the period
from 1 March 2013 to 28 February 2023. The highest MAGT was
observed in 2022/23, with ground temperatures between —3.0°C
(5cm)and —4.7°C (200 cm), whereas the coldest year was 2015/16,
with temperatures between —5.6°C (5cm) and —6.0°C (200 cm).
The mean monthly ground temperature at the depth of 5cm was
usually > 0°C for 4months from November to February and oc-
casionally exceeded 5°C in December and January. The warm-
est month recorded was December 2021 (7.4°C) (Figure 2). The
mean TDD, was 448°C-days (287 to 594°C-days) days, while the
mean TDD,, reached 513°C-days (379 to 623°C-days) (Figure 3).
The mean monthly temperature at a depth of 50cm exceeded
0°C only in January and February. The recorded maximum was
1.3°C in January 2023 (Figure 2). The mean TDD,,, reached
22°C-days (0°C-days in 2013/14 to 74°C-days in 2022/23). The
mean TDD,, was only slightly higher (24°C-days), with a range
from 0°C-days (2013/14) to 76°C-days (2022/23) (Figure 3).

The mean monthly ground temperature at a depth of 5cm oc-
casionally dropped below —15°C in winter. The coldest month
was July 2019 (-19.1°C), when the lowest mean daily tempera-
ture of —26.5°C was recorded (1 July 2019). Mean FDD, reached
—2292°C-days (—2566°C-days to —1731°C-days). Mean monthly
temperatures at a depth of 50cm usually dropped below —10°C.

The coldest month was July 2015 (-13.8°C), while the low-
est mean daily temperature was recorded on 22 August 2021
(-16.1°C).

3.1.3 | Ground Temperature AWS-CALM

The MAGT on AWS-CALM varied between —4.5°C (5cm)
and —5.0°C (200cm). The highest MAGT was recorded in the
2022/23 season (—2.7°C at 5cm and —3.8°C at 200 cm). The cold-
est year was 2015/16, with MAGT between —5.6°C (5cm) and
—5.8°C (50cm) (Table 1). In a similar manner to AWS-JGM,
the mean monthly ground temperatures at a depth of 5cm on
AWS-CALM were above 0°C in the period from November to
February. The temperatures even exceeded 5°C in December
and January. The warmest month was December 2021 (7.3°C
at 5cm) 2021 (Figure 2). The mean TDD,, was 452°C-days
(345°C-days to 570°C-days) while the mean TDD, was
497°C-days (381°C-days to 621°C-days) (Figure 3). In contrast to
AWS-JGM, mean monthly temperatures at a depth of 50cm ex-
ceeded 0°C in January and February. Furthermore, since 2017,
positive monthly mean temperatures have also been observed in
December. In particular, the mean monthly ground temperature
at a depth of 50cm exceeded 0°C in March 2016, 2020 and 2022.
The maximum mean monthly temperature at a depth of 50cm
(3.3°C) was recorded in January 2023 (Figure 2). The mean
TDD,,, reached 107°C-days (63°C-days in 2018/19 to 183°C-days
in 2022/23). The mean TDD,, was higher (134°C-days) with
a range from 71°C-days (2018/19) to 210°C-days (2022/23)
(Figure 3).

The mean monthly ground temperature at a depth of 5cm usu-
ally dropped below —15°C during winter. The coldest month was
July 2019 (-19.1°C). The lowest daily temperature was recorded
on 20 August 2021 (-24.5°C). The mean monthly tempera-
tures at a depth of 50cm regularly dropped below —10°C. The
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coldest month was July 2015 (-15.6°C); the lowest mean daily
temperature was —18.7°C (4 September 2020). The mean FDD,
reached —2121°C-days, with a range from —2510°C-days (2015)
to —1605°C-days (2022) (Figure 3).

3.2 | ALT and Thaw Depth
3.2.1 | ALT Variability

The mean ALTs on study sites were 64cm (AWS-JGM) and
88cm (AWS-CALM). The maximum ALT of 73cm (AWS-JGM)
and 98cm (AWS-CALM) was detected in 2022/23, while the
lowest ALT was 51cm (AWS-JGM) and 77cm (AWS-CALM)
in 2013/14. Statistically significant thickening trends reached

1.5cm/year on AWS-JGM and 1l.lcm/year on AWS-CALM
(Table 2). The date of maximum ALT occurrence was between 9
January and 21 February on AWS-JGM and between 25 January
and 21 February on AWS-CALM (Table 2). The average thaw
propagation period was 94days (62 to 135days) on AWS-JGM
and 101 days (76 to 133 days) on AWS-CALM (Table 2).

The strongest correlation was found between ALT and TDD,
(r=0.91) and TDD,, (r=0.90) on AWS-JGM. The relationships
between ALT and annual temperatures were less pronounced,
expressed by r=0.68 (ALT vs MAAT) and r=0.62 (ALT vs
MAGT). ALT also strongly correlated with TDD,,, (r=0.82) and
TDD,, (r=0.91) on AWS-CALM. Nevertheless, only moderate
correlations were observed between ALT and MAAT (r=0.51)
and MAGT (r=0.57) (Figure 4).
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3.2.2 | Thaw Depth Distribution and Variability

The mean active layer thaw depth on CALM-S JGM was
78 cm, with an annual range from 66cm (2014) to 93cm (2023)
(Table 2). The year-to-year increase in thaw depths displayed a
statistically significant thickening trend of 1.9cm/year during
the period 2014 to 2023 (Table 2). The maximum thaw depths
increased from 100cm (2014) to 130cm (2023), while the mini-
mum thaw depths increased from 51 cm (2014) to 72cm (2023)
(Figure 5). A clear pattern emerges in the thaw depth variation
between the northern, larger grid area located on a Holocene
marine terrace, with the thaw depths typically less than 80cm,
and the southern part, which is underlain by the Cretaceous
sediments of the Whisky Bay Fm. Here, thaw depths regularly
exceed 100cm (Figure 5). A comparison of the reference zones
revealed that the thaw depth on the Whisky Bay Fm. was, on
average, 28 cm thicker than that of Holocene marine sediments,

with a stronger thickening trend of 2.2cm/year compared with
1.3cm/year (Table 2). The thaw depth exhibited a very strong
correlation with TDD, , (r=0.83) and TDD, both on AWS-JGM
(r=0.84) and AWS-CALM (r=0.87). Strong correlations were
found with MAAT and MAGT on AWS-JGM (both r=0.67) and
MAGT on AWS-CALM (r=0.66) (Figure 4).

3.3 | Surficial Volumetric Water Content

The mean surficial VWC on CALM-S JGM ranged from 13.4%
(2023) to 21.0% (2018). Similar to ALT, the strongest gradient of
VWC was observed in the southern part of CALM-S, where the
wettest patches with soil moisture exceeding 25% were located.
The annual maximums reached 31% (2023) to 38% (2022). In
some years (2018, 2020 and 2022), the patches with VWC >25%
were also present in the northeast corner of the grid (Figure 6).
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relation coefficient. [Colour figure can be viewed at wileyonlinelibrary.com]

The drier parts with VWC lower than 15% were presented mostly
in a diagonal direction from northwest to southeast (Figure 6).
The vast majority of the CALM-S JGM had VWC <15% in 2023,
including several larger patches with VWC <10% detected in
the north and southeast part (Figure 6). Overall, the VWC was
about 7% higher in the reference part WB than in the part MT
(Table 2; Figure 6). We found a moderate negative correlation
(r=-0.52 and —0.57; statistically not significant) between mean
thaw depth and mean VWC for the whole CALM-S JGM and
for the part MT, respectively. A very weak negative correlation
(r=-0.18; statistically not significant) was found in the MB part
(Figure 6).

4 | Discussion
4.1 | Sustainability of CALM-S JGM

After 10 seasons, the monitoring experience, quality and rep-
resentativeness of the dataset generated by the CALM-S JGM
can be evaluated. Managing a CALM-S site in Antarctica is
challenging, and several obstacles can be faced related to the
climatic conditions and the general remoteness of the conti-
nent. This threatens the homogeneity of the dataset [15]. Some
of the same problems were encountered with the CALM-S

JGM, but overall, the grid provided a unique and consistent
dataset.

Although the CALM-S JGM is located in a relatively flat area,
it is possible to clearly distinguish between the two main lith-
ological units, which is reflected in the variability of soil phys-
ical properties such as texture, density, moisture and thermal
properties. In particular, soil thermal properties are considered
the primary factor causing the variability of thaw depth on the
CALMS-S JGM [18]. As the site consists entirely of bare ground,
there is no effect of vegetation [16] or organic matter or peat con-
tent (e.g. [6, 11]).

The variability of thaw depth on other CALM sites is also often
related to uneven distribution of snow cover (e.g. [12, 16, 20]).
However, our previous studies from the area of CALM-S JGM
found that the typical snow cover was thinner than 30cm and
irregular. Therefore, the snow effect on the active layer ther-
mal regime was generally negligible [30]. A notable influence of
snow on the thaw depth was only observed in 2018 when short-
term snow presence during the summer led to a distinctive re-
duction of the thaw depth [26].

Physical properties, namely soil texture, also affect the practi-
cal aspects of thaw depth probing. The sandy soil matrix of the
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marine terrace that forms the northern part of the CALM-S
JGM provides favourable conditions for the probing, making
it fast and reliable. However, this lithological unit represents
only a small part of the total area of the Ulu Peninsula [37].
Due to the low values of soil thermal conductivity of this
lithological unit, the ALT observed on the AWS-JGM is a

few decimetres thinner than in other lowland areas of the
JRI (e.g. [18, 38, 39]). On the other hand, the smaller part of
the CALM-S JGM plot underlain by Cretaceous sediments
can be considered representative for a much larger part of
the Ulu Peninsula, as this particular lithological unit covers
larger areas there [37]. Notably, the soil thermal properties
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determined for AWS-CALM are similar to other sites in the
northern part of the Ulu Peninsula, which is also reflected in
similar ALTs between 80 and 100 cm ([23]; unpublished data).
However, this part of CALM-S is difficult to survey by me-
chanical probing due to the high adhesion of the silty to clayey
soils and the presence of larger boulders hidden in the ground.
For this reason, it was decided that the probing would be con-
ducted in only 10 nodes of this lithological unit to ensure the
sustainability of the monitoring.

Finally, logistical constraints preventing the measurement as
close as possible to the time of maximum ALT represent a no-
ticeable issue of CALM-S monitoring in Antarctica [15], which
is the main objective on the Arctic CALM sites (e.g. [1]). In
Antarctica, a difference of a few weeks between the probing
and the maximum ALT occurrence is an issue, especially on the
sites at the South Shetlands, where field probing is typically con-
ducted in early February, while maximum ALT is observed in
March or even April (e.g. [36]). Consequently, the reported thaw
depth can be several decimetres thinner than the ALT [23]. In
the case of CALM-S JGM, the maximum ALT was most often re-
corded between 5th and 13th February. Therefore, our approach
of 2-3 measurements during the period from late January to
late February ensures that the thaw depth measurement will be
within a few days of the ALT maximum.

4.2 | Effect of Thermal Regime and Moisture on
Active Layer Thaw

Our results showed a very strong correlation between ALT/
thaw depth and TDD of both air (r=0.82 to 0.90) and ground
(r=0.90t00.91), confirming our observations, which generally

neglect the role of the snow cover and the absence of other im-
portant factors such as vegetation or organic matter content,
which typically reduce the correlation to r<0.7 (e.g. [11, 12]).
In contrast to summer temperature, the relationship between
ALT/thaw depth and mean annual temperature or winter
temperature was only moderate and statistically insignifi-
cant. However, a general pattern can be observed suggesting
a thicker active layer in warmer years, including the winter
season.

Unlike our recent study from the Abernethy Flats area on James
Ross Island [39], the relationship between soil moisture and thaw
depth on CALM-S were not statistically significant, which, is
caused by the short dataset of only 7years. Nevertheless, the neg-
ative correlation suggests the tendency of increasing thaw depth
with decreasing surficial VWC. This pattern points towards a rel-
atively even distribution of soil water in the profile, amplifying the
effect of latent heat over the soil thermal conductivity (e.g. [40]).

4.3 | Response of Active Layer to Climate
Variability

In the Antarctic Peninsula region, the beginning of the 21st
century until about 2012 to 2014 was connected with atmo-
spheric cooling [41] and the associated impacts on the cryo-
sphere, such as permafrost cooling, active layer thinning and
glacier advance [42]. In particular, the active layer thinning
of more than 1cm/year was observed on James Ross Island
[35] and the South Shetlands [21] during the period 2006 to
2015. However, our study period 2013/14 to 2023 was under
the influence of a substantial increase in air temperature with
a trend of 2.0°C/decade (significant at p <0.05). As a result,
observed ground temperatures increased by 0.8°C/decade
(200cm) to 1.8°C/decade (5cm), but both trends are not sta-
tistically significant. Renewed warming was observed across
all of the Antarctic Peninsula (e.g. [43]) and resulted in 2022
being the warmest year ever observed in the northeastern
Antarctic Peninsula [44].

Thickening of the thaw depth by 1.9cm/year (CALM-S JGM)
and ALT by 1.5cm and 1.1cm on AWS-JGM and AWS-CALM,
respectively, resulted from the strong relationship between thaw
depth and summer temperatures. These trends were higher than
reported in the period 2012 to 2021 [27], emphasising the effect
of the warm period after 2015. When analysing the complete
dataset of ALT available for AWS-JGM (2012 to 2023), the ALT
thickening reached 1.1cm/year.

These results are consistent with the global behaviour of the ac-
tive layer, which shows thickening trend rates between 0.27 and
4.0cm/year in the period 1995 to 2020 [4-6, 12, 23]. The only
area with a relatively stable or even decreasing active layer was
found in the Dry Valleys in Antarctica, where the trends ranged
from —0.5 to 0.04cm/year [23].

5 | Conclusions

CALM-S JGM is the first continuously operated CALM site
in the northeastern part of the Antarctic Peninsula region.
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Although the site has atypical dimensions of 80X 70m, it pro-
vides valuable results on the thermal regime and thickness of
the active layer. Results from 2013/14 to 2022/23 confirmed our
initial hypothesis that distinctive lithology can significantly af-
fect ALT and thaw depth at CALM-S JGM. The active layer was,
on average, 24cm thicker on AWS-CALM than on AWS-JGM,
although TDD was higher on AWS-JGM. The thaw depth was,
on average, 28 cm thicker in the part formed by Cretaceous sed-
iments compared with marine sediments. ALT and thaw depth
showed significant thickening trends between 1.1 and 2.2cm/
year, which can be associated with the 2.0°C increase in air tem-
perature during the study period. Finally, surface soil moisture
distribution was clearly affected by distinctive lithology. On
average, soil moisture was 7.3% higher in the silty soils of the
Whisky Bay Fm. than in the sandy soils of the Holocene ma-
rine terrace. The negative correlation between annual mean soil
moisture and active layer thaw depth further suggests that soil
drying will favour active layer deepening on the CALM-S JGM.
However, this assumption so far lacks statistical significance
due to the temporal limitation of moisture monitoring.
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ABSTRACT

Permafrost controls geomorphological dynamics in maritime Antarctic ecosystems. Here, we analyze and model
ground thermal regime in bordering conditions between continuous and discontinuous permafrost to better
understand its relationship with the timing of glacial retreat. In February 2017, a transect including 10 sites for
monitoring ground temperatures was installed in the eastern fringe of Byers Peninsula (Livingston Island,
northern Antarctic Peninsula), together with one station recording air temperatures and snow thickness. The
sites were selected following the Mid-Late Holocene deglaciation of the area at a distance ranging from 0.30 to
3.15km from the current Rotch Dome glacier front. The transect provided data on the effects of topography,
snow cover and the timing of ice-free exposure, on the ground thermal regime. From February 2017 to February
2019, the mean annual air temperature was — 2.0 °C, which was > 0.5 °C higher than 1986-2015 average in the
Western Antarctic Peninsula region. Mean annual ground temperature at 10 cm depth varied between 0.3 and
—1.1°C, similar to the modelled Temperatures on the Top of the Permafrost (TTOP) that ranged from
0.06 = 0.08°Cto —1.33 + 0.07 °C. The positive average temperatures at the warmest site were related to the
long-lasting presence of snow which favoured warmer ground temperatures and may trigger permafrost de-
gradation. The role of other factors (topography, and timing of the deglaciation) explained intersite differences,
but the overall effect was not as strong as snow cover.

1. Introduction

The Antarctic Peninsula (AP) region has experienced shifting cli-
mate conditions over the last decades (Oliva et al., 2017a; Turner et al.,
2005, 2016) that have driven large environmental changes on terres-
trial ecosystems, including glacier oscillations (Engel et al., 2018; Kunz
et al., 2012; Navarro et al., 2013), geomorphic activity (Oliva and Ruiz-
Ferndndez, 2015), variations of permafrost and active layer dynamics
(Bockheim et al., 2013; Vieira et al., 2010; Hrbacek et al., 2019a), and
alterations of ecological processes (Convey et al., 2009; Ruiz-Ferndndez
et al., 2019).

Permafrost, despite being a key component of the Cryosphere, is one
of the less studied elements in Antarctic terrestrial ecosystems. Apart
from frozen water, permafrost stores a large number of natural elements
(e.g.; CO,, CH,4, Hg, etc) as well as products of anthropogenic pollution
that have the potential to trigger dramatic climatic and environmental
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https://doi.org/10.1016/j.envres.2019.108901

changes in terrestrial and marine ecosystems (Potapowicz et al., 2019;
Oliva and Fritz, 2018). Therefore, an accurate characterization of its
distribution, thermal state and associated biogeochemical processes is
crucial to anticipate future changes in a warming climate scenario.
Recent studies have reported a global increase of permafrost tempera-
tures between 2007 and 2016 of 0.29 + 0.12°C, up to 0.37 = 0.10°C
in Antarctica (Biskaborn et al., 2019). However, the limited number of
boreholes for permafrost monitoring distributed across this vast con-
tinent increases the uncertainties of the observed trends. In the AP re-
gion, the number of studies focusing on permafrost and active layer
thickness has increased significantly over the last decade following the
scientific efforts made during the International Polar Year 2007-2008
(Vieira et al., 2010). The majority of the research has focused on the
islands surrounding the northern tip of the AP where mean annual air
temperatures (MAAT) are slightly negative at sea level, namely the
South Shetland Islands (SSI) (De Pablo et al.,, 2013; Goyanes et al.,
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2014; Oliva et al., 2017b; Ramos et al., 2007), James Ross Island
(Hrbacek et al., 2019b), Signy Island (Cannone et al., 2006; Guglielmin
et al., 2008), with data from AP also discussed in some review papers
encompassing the entire continent (Bockheim et al., 2013; Vieira et al.,
2010).

The monitoring of permafrost and active layer temperatures has
been accompanied by several approaches to improve our understanding
of the spatial distribution of permafrost, such as geophysical surveying
in different landforms to identify the spatial extent of permafrost do-
main (Correia et al., 2017; Hauck et al., 2007), geomorphological ap-
proaches focused on the study of frozen ground measurements and
related processes (Oliva and Ruiz-Fernandez, 2015, 2017;), as well as
modelling subsurface temperatures based on surface properties and
microclimatic conditions to better represent ground-atmosphere inter-
actions (Ferreira et al., 2017; Hrbacek and Uxa, 2019). Whereas the
understanding of the role of some factors such as snow (de Pablo et al.,
2017; Hrbacek et al., 2019b) and lithology (Hrbacek et al., 2017) on
permafrost and active layer development is increasing, there are several
questions that have not been addressed yet, such as the relationship
between the deglaciation and permafrost degradation/aggradation, or
the role of cold/warm-based glaciers on permafrost following degla-
ciation (Oliva et al., 2019). The timing of the deglaciation affects the
compactness of the soil, its exposure to intense physical and chemical
weathering, as well as the possible presence of mosses and lichen
communities (Ruiz-Fernandez et al., 2019); in turn, these factors over
time trigger changes of the surface albedo, soil texture and porosity that
may also impact the active layer thermal regime.

With the purpose of better understanding the interaction between
glacial retreat and active layer dynamics, we present here a new re-
search study consisting of modelling ground temperatures to detect the
spatial limits of permafrost in the boundary between continuous and
discontinuous permafrost conditions (e,g. Nelson et al., 2002; Smith
and Riseborough, 2002), as is the case of the coastal fringes of the SSI.
Based on the data collected from ten active layer monitoring sites dis-
tributed along a transect stretching from the present-day moraine of
Rotch Dome glacier to the lowest slopes of the central plateau of the
Byers Peninsula (Livingston Island, SSI), we modelled the possible oc-
currence of permafrost using different thermal parameters (TTOP
model, freezing-thawing degree days, etc). Here, in the largest ice-free
environment on the SSI, there is a reasonably good chronological
control of the timing of the deglaciation based on the existence of
radiocarbon dates and tephrochronology from several lakes revealing
that the eastern fringe became ice-free during the Mid-Late Holocene
(Oliva et al., 2016a; 2016b). The difference in the time of deglaciation
ranging from several hundreds of years between sites up to ca. 5-6 ka
between the edges of the transect makes this a very appropriate en-
vironment to study if the time scale of glacier retreat conditions active
layer thermal regime or if it rapidly adapts to the new environmental
setting.

2. Material and methods
2.1. Study area

The Byers Peninsula lies on the western tip of Livingston Island at
62° 34’ 35” S — 62° 40’ 35” S latitude and 60° 54’ 14” W - 61° 13’ 07" W
longitude (Fig. 1). With a land area of roughly 60 km?, this peninsula is
the largest ice-free area on SSI. This archipelago has a polar maritime
climate with relatively abundant rainfall, occurring mainly in summer
(500-800 mm/year), both in the form of rain and snow (Bafién et al.,
2013). Throughout the 2002-2010 period, the MAAT in the Byers Pe-
ninsula at 70 m.a.s.] was —2.8°C, with a moderate thermal range
(Banén et al., 2013).

This peninsula is composed of volcanic, volcaniclastic and sedi-
mentary rocks (mainly sandstones, mudstones and conglomerates)
dating from Jurassic and Cretaceous periods. There are also sills, dikes
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and other intrusive rocks of Cretaceous age (Hathway and Lomas, 1998;
Parica et al., 2007). The relief is organised around several staggered
platforms at different elevations (the highest one develops between 70
and 100 m.a.s.l), from which some isolated volcanic plugs stand out,
such as Penca Hill (217 m.a.s.]), Chester Cone (188 m.a.s.l) and Cerro
Negro (143 m.a.s.]). The lowest areas are formed by both deposits of
Holocene raised beaches and present-day beaches (Lopez-Martinez
et al., 1996, 2012).

As in the rest of the SSI, Livingston Island is mostly covered by
glaciers, with only around 10% of ice-free terrain (Serrano, 2003).
Whereas the highest areas on the island are covered by alpine glaciers,
the lower terrain is occupied by coalescing glacial domes with the
fronts reaching the sea. One of them corresponds to Rotch Dome gla-
cier, the retreat of which has exposed the ice-free terrain of the Byers
Peninsula. Following the deglaciation, several lakes appeared, whose
sediments are indicative of past glacial oscillations, volcanic activity
and climate variability (Toro et al., 2013; Liu et al., 2016; Oliva et al.,
2016a,b; Antoniades et al., 2018).

Present-day geomorphological dynamics in the Byers Peninsula is
subject to the presence of permafrost and the annual evolution of the
active layer. Periglacial processes are very active, even at lower alti-
tudes, with abundant landforms derived from cryoturbation dynamics
such as stone sorted-circles and stone stripes (Lopez-Martinez et al.,
2012; Ruiz-Fernandez and Oliva, 2016). On the other hand, the abun-
dant surface runoff resulting from snow melting during a few months of
the year has an important geomorphological impact as it enhances
fluvial erosion, thus triggering changes in the peninsula drainage net-
work (Mink et al., 2014).

2.2. Measurement setting and data processing

In order to evaluate the potential influence of the timing of degla-
ciation on ground thermal conditions, in February 2017 we established
a 2.8-km long transect from the present-day front of Rotch Dome glacier
to the edges of the central plateau including 9 shallow boreholes for the
monitoring of active layer temperatures in different topographical
conditions (Fig. 1 in Supplementary Material). The monitoring sites
were set at an increasing distance from the glacier within a narrow
elevation belt (Table 1 in Supplementary Material), including the AWS-
Domo station where air temperatures and snow cover thickness were
also monitored.

Air temperature at the AWS-Domo was measured every 2h using
Tinytag sensor (accuracy * 0.25°C) placed 1.5m above the ground
within the radiation protective shield. The evolution of snow cover
thickness was determined following the method proposed by
Lewkowicz (2008) using iButtons DS 1922L (accuracy * 0.5°C)
mounted on a vertical array and recording data every 6 h. The same
type of iButton sensors was used for ground temperature monitoring at
intervals of 6 h. Whereas at the AWS-Domo iButtons were installed in a
borehole at the depths of 2, 5, 10, 20, 40, and 80 cm, at the other sites
of the transect two iButtons were set directly into the ground at 10 and
40 cm depth. The obtained data were used to calculate mean, maximum
and minimum daily values. The temporal analysis of the data was
subdivided considering different periods:

a) The study period from 10 February 2017 to 9 February 2019.
b) Seasons 2017/18 consisted of freezing seasons 2017 and thawing
seasons 2017/18

According to the recently published studies from the Maritime
Antarctica region (e. g. de Pablo et al., 2017; Hrbacek et al., 2017), the
freezing season was defined as a period with prevailing ground tem-
peratures < 0 °C at the depth of 10 cm whereas the thawing season was
defined as a period with prevailing ground temperatures > 0 °C at the
depth of 10 cm. Further, we calculated the mean seasonal temperatures,
seasonal duration as well as the parameters commonly used to
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characterize the ground thermal regime considering the mean daily
temperature (e.g., Guglielmin et al., 2008):

a) Thawing degree days (TDD) - the seasonal sum of the mean daily
temperatures > 0°C

b) Freezing degree days (FDD) — the seasonal sum of the mean daily
temperatures < 0°C.

The TDD and FDD were calculated for both air (AT) and ground
(GT) temperatures at different depths (5, 10, 40 and 80 cm). These
indexes were also used for the calculation of:

¢) Freezing n-factor — the ratio between FDDgr of the topmost part of
the ground and FDDjr.

d) Thawing n-factor — the ratio between TDDgr of the topmost part of
the ground and TDDar.
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Due to the low inter-site variability of degree-days of air tempera-
tures on the Byers Peninsula already described by Oliva et al. (2017),
we used the data from AWS-Domo for the rest of the sites to calculate
the n-factors. The active layer thickness was set on the AWS-Domo in
the thawing season 2017/18 as a depth of 0 °C isotherm as it was de-
fined by extrapolation of the best fitting exponential curve of the
maximum seasonal ground temperatures at all depths of the profile (e.
g. Guglielmin, 2006).

2.3. Permafrost temperature and threshold condition modelling

The occurrence of permafrost at the study sites was tested using the
Temperature on the TOP of the Permafrost (TTOP) model (1), a com-
monly used approach for detecting the existence of permafrost in
boundary environments between continuous and discontinuous per-
mafrost (Smith and Riseborough, 1996; Riseborough et al., 2008),
calculated as follows:

rk x TDDg + FDDg
p ®

where, rk is the ratio between the thermal conductivity of thawed and
frozen ground, TDDg represents the thawing degree days at the depth of
10 cm and FDDg represents freezing degree days at the depth of 10 cm;
p is the duration of the period in days.

Following Riseborough and Smith (1998), the rk can be expressed as
the function of the soil water content:

n
kw wy

ke @

TTOP =

rk =

where, k; is the thermal conductivity of ice (2.21 Wm ™ 'K~ 1), k,, is the
thermal conductivity of water (0.56 Wm ™ 1X~1) and w,, is the unfrozen
volumetric water content.

Due to the absence of data on moisture conditions or the soil
thermal properties, we calculated the TTOP using six rk between 0.87
and 0.54 which corresponds to soil volumetric water content of 10-45%
(Fig. 2) and accordingly calculated mean TTOP value and a standard
deviance. We used moisture usually measured at the Byers Peninsula
(Nielsen et al., 2010).

Another parameter derived from degree days indices is the Frost
number (FN) index (3), which can be calculated following the formula
proposed by Nelson and Outcalt (1987):

B FDD
~ JFDD + JTDD )

The FN is a simple tool for predicting the probability of permafrost
occurrence. FN < 0.5 indicates the progressive ground thawing,

FN

Table 1

Selected thermal characteristics of the transect for in the monitoring period (10 February 2017 to 12 February 2019).
Site MPGT? at 10cm (°G) MPGT? at 40 cm (°C) TDDjgem (‘Cdays) ®  TDDyoem (°C'days)  FDDjgem (‘C-days) ¢ FDDyger (‘C-days) ¢ TTOP (°C) Frost number
T1 -0.5 -0.5 569 434 —926 -773 —0.73 = 0.09 0.56
T2 -1.1 -1.1 432 291 —-1270 -1107 —1.33 = 0.09 0.63
T3 -1.0 -1.1 377 205 -1139 —-1027 —1.20 = 0.08 0.63
T4 -0.8 -0.9 659 537 -1277 —-1230 —-1.12 + 0.14 0.58
T5 -0.9 - 655 - -1277 - —-1.13 + 0.14 0.60
T6 -1.1 -1.0 377 262 —1161 -1017 —1.23 =+ 0.08 0.64
T7 -0.6 -1.0 575 333 -1019 —1054 —-0.85 + 0.12 0.57
T8 -0.8 -0.6 516 372 -1070 —-831 —-0.97 =+ 0.11 0.59
T9 0.3 0.3 485 457 —-290 —238 0.06 = 0.10 0.44
AWS-Domo -—1.0 -0.9 404 227 —-1156 —883 —1.20 = 0.09 0.64

@ Mean period ground temperature.

> Thawing degree days at 10 cm.

¢ Thawing degree days at 40 cm.

4 Freezing degree days at 10 cm.

¢ Freezing degree days at 40 cm.

f Modelled temperature on the top of the permafrost.
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Fig. 3. Variability of the mean daily air temperature (A), ground temperature at the depths of 2, 10, 40 and 80 cm (B) and snow cover thickness (C) in the period 2/

2017 to 2/2019 on AWS-Domo site.

deepening of active layer thickness and permafrost degradation, while
FN > 0.5 indicates a prevailing freezing regime that favours perma-
frost stability.

3. Results
3.1. Air, snow and ground thermal regime at AWS-Domo

The MAAT between 10 February 2017 and 9 February 2019 was
—2.1°C. Interannual variability in this polar maritime environment
was very low, ranging between —2.2°C (2017/18) and —2.0°C (2018/
19). The maximum air temperature reached 7.9 °C (15 December 2017),
whereas the minimum dropped to —17.1°C (7 August 2018). The
warmest month was February 2018 (1.8 °C), and the coldest month was
August 2018 (—5.9°C). The mean daily air temperatures averaged
positive values from October to May, with negative values from June to

September (Fig. 3). Snow cover was continuous from 30 June 2017 to
10 November 2017 and from 13 June 2018 to 16 November 2018. In
both cases, the maximum thickness did not exceed 10 cm (Fig. 3).

The mean annual ground temperature (MAGT) at AWS-Domo
showed a very low variability throughout the borehole during the study
period (Fig. 4). The lowest MAGT of —1.2°C was observed at 5cm
depth, and the highest values of —0.9 °C were recorded at 40 cm depth.
The MAGT was almost equal in both years with the maximum differ-
ence of 0.1°C at 5, 10 and 20 cm.

The complete period including the freezing season of 2017 and the
thawing season of 2017/18 lasted for 351 days. The freezing season
lasted for 201 days from 20 April 2017 to 14 November 2017 (Table 2).
The mean air temperature of the freezing season was —4.0 °C and the
FDD,t reached —902 °C-days. There were very few days recording only
positive air temperatures, with a total TDDar of 3 °C-days. The mean
ground temperature of the freezing season at 5 cm depth was —2.9°C,
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Table 2

The thermal characteristics of the freezing season 2017/18.
Site Beginning End Duration FDD;gem MSGT n-factor

(Cdays) ®  (°C)"

T1 21.04.17 24.12.17 248 —541 —-2.2 0.60
T2 20.04.17 05.12.17 230 —664 -29 0.74
T3 20.04.17 10.12.17 235 -539 -2.3 0.60
T4 19.04.17 10.11.17 206 —681 -3.3 0.75
TS 21.04.17 04.12.17 228 —682 -3 0.76
T6 21.04.17 28.11.17 222 -611 -2.7 0.68
T7 20.04.17 11.11.17 206 —-639 -31 0.71
T8 22.04.17 14.11.17 207 —548 —-2.6 0.61
T9 26.04.17 24.12.17 243 —241 -1.1 0.27
AWS-Domo  19.04.17 14.11.17 210 —-602 -2.9 0.66

AWS-Domo” 06.06.17  28.11.17 176 —-399 -2.3 -

3 Data from 80 cm depth.
# Freezing degree days at 10 cm depth.
> Mean seasonal ground temperature.

FDDjg.m reached —602°Cdays and TDD;gy yielded only 3 °C-days.
The freezing n-factor was 0.66. There was a considerable time lag of re-
freezing between the surficial parts of the ground (10cm) and the
lowest section of the borehole (80 cm). The active layer at 80 cm depth
froze on 6 June 2017, while re-thawing occurred on 28 November. The
mean ground temperature during the freezing season at 80 cm depth
was —2.3°C, and FDDg,,, was considerably higher compared to 5 cm
depth, with —399 °C-days (Table 2).

The thawing season lasted for 129 days from 28 November 2017 to
5 April 2018. The mean air temperature of the thawing season was
0.7 °C (Table 4). Prevailing positive air temperatures resulted in a
TDDar of 122 °C-days. A numerous days (33) with negative tempera-
tures resulted in a FDDat of —28 °C-days. The mean seasonal ground
temperature at 5 cm depth was 1.5 °C, and TDDs,,,, reached 203 °C-days.
Only several days with negative temperatures (12) occurred during the
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Table 3
The thermal characteristics of the thawing seasons 2017/18.
Site Beginning End Duration TDDjgem MSGT  Thawing
(°Cdays)® (°C)®  n-factor
T1 25.12.17 06.04.18 103 245 2.4 2.01
T2 06.12.17  07.04.18 123 207 1.7 1.70
T3 11.12.17  24.04.18 135 183 1.3 1.50
T4 11.11.17 23.04.18 164 321 1.9 2.63
T5 05.12.17 07.04.18 124 301 2.5 2.47
T6 23.11.17  08.04.18 137 195 1.4 1.60
T7 12.11.17 03.05.18 173 292 1.7 2.39
T8 15.11.17 04.05.18 171 261 1.5 2.14
T9 25.12.17  08.05.18 135 241 2.2 2.01
AWS-Domo  15.11.17  03.05.18 170 192 1.1 1.57

AWS-Domo”  29.11.17 12.05.18 166 21 0.1 -

% Data from 80 cm depth.
@ Thawing degree days at 10 cm depth.
> Mean seasonal ground temperature.

thawing seasons, which resulted in a FDDs,,, of —4 °C-days. The active
layer thawing at 80 cm depth started on 29 November and the ground
remained unfrozen for 166 days until 12 May. Ground temperatures
remained almost in the isothermal state for the whole period with mean
daily ground temperatures close to 0°C, which determined a mean
seasonal ground temperature at 80 cm depth of only 0.1 °C. TDDggcm
reached only 21 °C-days and no FDD was detected. The active layer
thickness in 2017/18 was extrapolated to reach 101 cm, with the
maximum depth observed on 14 March 2018.

The predicted TTOP was —1.24 *= 0.06°C at AWS-Domo for the
season 2017/18 (Fig. 5; Table 5) and —1.20tbl-120tbl5 = 0.09 °C for
the whole study period (Table 1). The TTOP slightly underestimated the
observed ground temperatures at 80 cm depth, which reached —1.1°C
(2017/18) and —1.0°C (2017/19), respectively.

3.2. Ground thermal regime at transect sites

The MAGT at the individual sites of the transect ranged from
—1.1°C (T2) to 0.3°C (T9), both at 10cm and 40 cm depth (Fig. 6,
Table 1). The offsets between 10 cm and 40 cm were within + 0.1 °C in
7 profiles, and the only site that showed a stronger negative offset of
—0.4°C was T7. The total TDD;¢., varied between 377 °C-days (T3)
and 659 °C-days (T4), whereas TDDy4o.r, Was generally about 30% lower
reaching 205 °C-days (T3) to 537 °C-days (T4). The total FDD;ocm re-
corded the highest values at T9 with —290 °C-days (Table 1).

The beginning of the freezing season 2017 fluctuated between the
sites from 19 April (T4) to 26 April (T9) (Fig. 6, Table 1). The duration
of the freezing season oscillated between 206 (T4, T7) and 248 days
(T1). The mean seasonal temperature ranged from —1.1°C (T9) and
—3.3°C (T4). Consequently, the highest FDD; g, of —241 °C-days were
observed at T9, while the lowest FDD;¢., of —681 °C-days at T4. The
freezing n-factor ranged from 0.6 at T1 and T3 up to 0.75at T4. The
only exception was T9 site with a freezing n-factor of 0.27 (Table 2).

The thawing season 2017/18 lasted between 106 (T9) and 173 (T7)
days (Table 3tbl3). The onset occurred between 11 November (T4) and
25 December (T9) and the end started between 6 April (T1) and 4 May
(T8). The mean ground temperature of thawing season ranged from
1.3°C (T3) to 2.2°C (T9), whereas TDDjo., oscillated between
183 °C-days (T3) and 321 °C-days (T4). Thawing n-factor varied between
1.50 (T3) and 2.63 (T5).

The whole season 2017/18 lasted from 351 (T1) to 379 (T7) days
(Table 5). The mean seasonal ground temperature dropped below
—1.0°C at sites T2-T6, and it reached 0.0 °C at T9. The TTOP prediction
suggested the occurrence of permafrost at all sites. The coldest per-
mafrost temperatures were found in T2 (—1.47 * 0.07 °C) whereas the
highest temperature was predicted at T9 (—0.19 = 0.07 °C; Fig. 5,
Table 5). The TTOP model predicted slightly higher temperatures for
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Table 4
The thermal characteristics of the season 2017/18.
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Site Beginning End Duration MSGT (°C)* TTOP (°C) © Frost number
T1 21.04.17 06.04.18 351 -0.8 —1.06 = 0.08 0.60
T2 20.04.17 07.04.18 353 -1.3 —1.47 = 0.07 0.64
T3 20.04.17 24.04.18 370 -1.0 —-1.11 = 0.06 0.63
T4 19.04.17 23.04.18 370 -1.0 —1.24 = 0.10 0.59
TS 21.04.17 07.04.18 352 -11 —1.34 = 0.10 0.60
T6 21.04.17 08.04.18 353 -1.2 —-1.32 = 0.06 0.64
T7 20.04.17 03.05.18 379 -0.9 —1.15 = 0.09 0.60
T8 22.04.17 04.05.18 378 —-0.8 —0.97 = 0.08 0.59
T9 26.04.17 08.05.18 378 0.0 —-0.19 £ 0.07 0.50
AWS-Domo 20.04.2017 03.05.18 379 -1.1 —1.24 = 0.06 0.64

@ Mean seasonal ground temperature.
> Modelled temperature on the top of the permafrost.

Table 5
Comparison of the mean annual air temperature in the selected sites in the
Western Antarctic Peninsula region.

Station 1986-2015" 2006-2015" 11/2017 - 1/2019"
Bellingshausen —-23 -23 -1.6
Rothera —-4.1 -3.8 -32
Faraday -2.8 -25 -2.3

2 QOliva et al. (2017b)
> Database READER (2019).

the whole period 2017/19. The modelled values varied between
—1.33 = 0.07°C (T2) and 0.06 + 0.08°C (T9). The positive tem-
perature at T9 is associated with a FN of 0.44, which varied between
0.56 and 0.64 at the rest of the sites of the transect (Table 1).

4. Discussion

Distinguishing the extent of permafrost conditions is a challenging
scientific exercise in transitional environments between continuous and
discontinuous permafrost (e.g. Oesterkamp and Romanovsky, 1999;
Nelson et al., 2002; Smith and Riseborough, 2002). This transition in
the Northern Hemisphere can encompass large regions as the boundary
between continuous and discontinuous permafrost zone is usually de-
fined as areas delimited by MAAT isotherms between —8.0°C and
—2.0°C (e.g. Smith and Riseborough, 2002; Romanovsky et al., 2010).
However, in the scarce ice-free environments of Antarctica this transi-
tion mainly occurs in narrow elevation belts, and thus, the boundary
between the continuous and discontinuous permafrost is difficult to
detect and other approaches need to be implemented.
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Fig. 5. Variability of predicted TTOP on the transect sites and AWS-Domo a) in the seasons 2017/18 b) in the period 2/2017 to 2/2019. The grey box indicates the
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Fig. 6. Variability of mean daily ground temperature at the depths of 10 and 40 cm on the transect sites T1-T9.

4.1. Permafrost thermal state and spatial distribution

With that purpose, a transect for monitoring ground thermal regime
was established on the Byers Peninsula following the spatial pattern of
deglaciation from the recent moraine of Rotch Dome glacier to the
slopes descending to the coast. The transect crosses the AWS-Domo site
(Fig. 1), which reported MAAT around — 2.0 °C during the study period.
Such MAAT was 0.8 °C higher than 2002-2010 average for Livingston
Island (Bafion et al., 2013) and also the MAAT on stations providing
long-term climate data in the Western Antarctic Peninsula that showed
MAAT of 0.5°C-0.8°C higher in the period 2017-2019 than the long-
term average (Table 5).

The MAAT of —2.0°C is a boundary temperature indicating a very
intense cryogenic regime pointing to the boundary conditions of con-
tinuous vs discontinuous permafrost occurrence (e.g.; Washburn,
1979). Therefore, the low altitude gradient of the transect
(33-82m.a.s.]), together with the wide time span of the age of degla-
ciation (5-6 ka), makes it an ideal transect to examine how the de-
glaciation may affect the ground thermal dynamics.

The direct ground measurements and the modelled ground tem-
peratures agree on the permafrost occurrence at 9 out of the 10 sites of
the transect, with the predicted temperatures ranging between —0.7
and —1.3°C (Fig. 5). Despite the lack of data on moisture conditions
and ground thermal properties, predictions of the TTOP model fit the
observed values. The comparison to the measured value of the MAGT at
the depth of 80 cm at the AWS-Domo site showed a very good match
with a small underestimation of the TTOP model of 0.1-0.2°C. Such a
low span of the TTOP predictions was achieved thanks to the low ab-
solute values of both TDD and FDD. For example, Smith and
Riseborough (1996) proposed the relationship between rk and TTOP in
MAAT regimes similar to Livingston Island around —1.5°C. Due to
considerably higher TDD (1500 °C-days) and FDD (—2000 °C-days),
their predicted TTOP ranged from —4.3 °C for rk 0.3 to —2.0 °C for rk

0.9.

Additional information about the permafrost distribution is pro-
vided by the FN. In the Northern Hemisphere, a FN of 0.5 was defined
as a border value between the sporadic and discontinuous permafrost
zone and a FN of 0.57 as a boundary between the discontinuous and
continuous permafrost (e.g. Nelson and Outcalt, 1987; Crichton et al.,
2014). Therefore, the T9 site that reported a FN value of 0.44 would be
placed within the sporadic permafrost area and T1 and T7 ranging from
0.56 to 0.64 fit within the relatively stable continuous permafrost belt.

In fact, T9 is located at 33 m.a.s.] and continuous permafrost con-
ditions have been described in the SSI as starting at ca. 30-40 m (Vieira
et al., 2010; Bockheim et al., 2013). In the case of the Byers Peninsula,
the occurrence of stable permafrost conditions has already been con-
firmed by direct profile ground temperature measurements in areas
above 50 m.a.s.l (e.g.de Pablo et al., 2017; Oliva et al., 2017a). Our data
confirm the spatial pattern of continuous permafrost conditions in
areas > 50 m.a.s.l, showing that a MAAT of ca. —2.0 °C is sufficient to
maintain permafrost with an active layer thickness around 100 cm
(Fig. 3). On the other hand, isolated permafrost patches suggesting
discontinuous permafrost were detected by geophysical surveying al-
most at sea level, developed on Late Holocene marine terraces (Correia
et al., 2017). In the neighbouring ice-free areas of Livingston Island,
such as on the Hurd Peninsula, permafrost was absent also at the low-
elevated bedrock sites (Ferreira et al., 2017). In other areas across the
AP, permafrost was not detected at bedrock sites even in areas above
50 m.a.s.l, as in the Palmer Archipelago (Bockheim et al., 2013).

4.2. Controlling factors of permafrost distribution in the maritime
Antarctica

Apart from MAAT, the ground thermal conditions are controlled by
several other factors. In the Maritime Antarctica, the most important
factors seem to be topography, snow cover, lithology or water content
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(Ferreira et al.,, 2017; Hrbacek et al., 2019b; Oliva et al., 2017a;de
Pablo et al., 2017), though others such as the geomorphological setting
and the age of deglaciation may also play an important role influencing
the ground thermal regime.

In the case of the SSI, most ice caps are polythermal and include
both cold and warm-based surfaces (). On the Byers Peninsula, the
Rotch Dome glacier near T1 constitutes a cold-based glacier as revealed
by seismic and ground-penetrating radar (Navarro, personal commu-
nication). The decreasing thickness of the dome-shaped glacier in its
margins facilitates the penetration of the cold flow down to the surface
freezing the basement of the glacier. Inmediately after the glacier re-
treat, the proglacial environment of cold-based glaciers includes the
presence of permafrost as it already pre-existed in this area before the
deglaciation. By contrast, in the forelands of warm-based glaciers,
permafrost may have aggraded (or simply not formed) following the
deglaciation or even due to the gradual thinning of the ice in this dome-
shaped glacier (Oliva and Ruiz-Ferndndez, 2015). Consequently, the
absence or existence of permafrost after the deglaciation must be de-
termined by the basal temperature of the retreating glacier (Harris and
Murton, 2005).

Our transect follows the deglaciation pattern occurred on the Byers
Peninsula since the Mid-Late Holocene. Whereas the closest station (T1)
is located on the moraine that is known to have developed over the last
few centuries, the AWS-Domo site must have become ice-free before 1.8
ka cal BP and the westernmost sites were deglaciated between 5 and 6
ka cal BP (Oliva et al., 2016a,b). The ground thermal regime detected
between the sites T2-T9 and AWS-Domo suggests that the age of ice-free
exposure plays no role in the active layer temperatures centuries after
the glacial retreat. The more important factors like snow cover or local
topography cause the inter-site variability and differences in ground
temperature.

In this context of relatively stable glacial fronts as revealed by the
chronology of glacial retreat (Oliva et al., 2017a), the future variations
of snow cover in a changing climate may have a prominent role in al-
tering the permafrost and active layer stability. Microtopographic
conditions determine the substantial differences in the accumulation
and duration of snow cover along the transect, which can explain inter-
site differences in the active layer dynamics. Although the T1 site is
located on an ice-cored moraine built by the Rotch Dome glacier (John
and Sudgen, 1971), it is not the coldest site in terms of average tem-
peratures. The presence of the frozen mass beneath the moraine keeps
the ground temperature more stable and closer to 0°C at the end of
freezing seasons, which favours a more persistent snow cover and re-
latively higher mean temperatures (Fig. 6).

A clear example of the snow-affected warming of the permafrost
was observed at T9. Here, a very low value of the freezing n-factor
(0.27) suggests the snow thickness exceeded 80 cm. Such thicknesses
related to similar n-factor (< 0.30) occurred in previous seasons re-
cording similar freezing n-factors in several sites of the Byers Peninsula
(de Pablo et al., 2017; Oliva et al., 2017a). Such snow thickness fa-
voured higher ground temperatures between 1.1 and 2.2 °C at T9 than
at the other sites of the transect during the freezing season 2017. The
snow cover insulating effect at the other sites including AWS-Domo was
rather negligible, even though a thin snow cover of 5-10 cm persisted
for almost the whole winter (Fig. 2). Except for T2, the sites with
freezing n-factor > 0.7 (T4, T5) are located on the north-faced > 10°
steep slope. Due to such topographical conditions, these sites should
receive a higher amount of incoming solar radiation in the summer
season, which explains the > 20% higher amount of TDD. At the same
time, the lowest TDDs were observed in the south-exposed sites (T3,
T6).

In summary, despite the above-average MAAT during the study
period (Table 5), the ground thermal regime data confirmed the pre-
sence of continuous permafrost conditions on the Byers Peninsula in
areas above, at least, 50 m.a.s.l. Data suggests that permafrost stability
in a future warmer Antarctica can be threatened by the combination of
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higher temperatures and the increase of the total precipitation by the
end of 21st century (Palerme et al., 2017). A long-lasting thick snow
cover persisting during the winter can favour the warming of the
ground, which can accelerate the permafrost thawing. Concurrently,
the higher annual rates of liquid precipitation can also lead to pro-
gressive ground warming as predicted in the Arctic (Bintanja, 2018).

5. Conclusions

The occurrence of permafrost has major implications for edaphic,
geomorphological and hydrological processes prevailing in polar ter-
restrial ecosystems. Under the present-day warming climate, higher
temperatures are impacting the ground thermal regime, thus affecting
ecosystem dynamics. Some of the major changes may occur in the
transitional areas between continuous and discontinuous permafrost
conditions, such as coastal fringes of the northern AP region where
MAATs are ca. —2 °C at sea level. Here, the distribution of permafrost is
still poorly known and the factors controlling its spatial occurrence are
still under debate.

In the ice-free area of the Byers Peninsula, we conducted an ex-
periment to infer the potential role of the timing of deglaciation on
ground thermal regime. We established 10 shallow boreholes within a
2.8-km long transect from the Rotch Dome ice-cored moraine to the
lowest slopes of the central plateau to monitor the active layer thermal
regime. This almost flat transect follows the deglaciation pattern fol-
lowing the retreat of Rotch Dome glacier towards the east of this pe-
ninsula, from the Mid-Holocene glacial retreat at the western sites to
the stations situated near the present-day glacier front that became
exposed only a few centuries ago.

Climate conditions report a MAAT of around —2.0°C, which is
sufficient to maintain continuous permafrost along the transect with
ground temperatures of the topmost part of the permafrost ranging
between —0.7 °Cand —1.3 °C on 9 of 10 monitoring sites. Soil moisture
variability and consequently changes of the rk factor do not have a
great impact on the variability of TTOP predictions. In fact, there are
not great variations of the temperature of the active layer along the
transect, with the highest values located at the site deglaciated more
recently several centuries ago. Here, the existence of an ice-cored
moraine determines a longer snow cover duration that isolates the
ground and favours higher temperatures near the surface.

This geomorphic control seems to be a matter of time, as at the rest
of the sites where buried glacial ice already melted away, there is a
more similar ground thermal regime. The most important factor af-
fecting permafrost temperatures is the duration and thickness of snow
cover, which is highly controlled by the topography (including aspect
and slope). Long-lasting snow cover during the winter exceeding 80 cm
can form such a strong insulating layer that can lead to ground tem-
peratures close to 0 °C. Differences are slightly higher in the summer,
being warmer in the north-exposed sites and colder in the south-ex-
posed slopes. However, the role of the topography is not strong enough
to affect the presence or absence of permafrost.
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Abstract. Permafrost is present within almost all of the
Antarctic’s ice-free areas, but little is known about spa-
tial variations in permafrost temperatures except for a few
areas with established ground temperature measurements.
We modelled a temperature at the top of the permafrost
(TTOP) for all the ice-free areas of the Antarctic mainland
and Antarctic islands at 1 km? resolution during 2000-2017.
The model was driven by remotely sensed land surface tem-
peratures and downscaled ERA-Interim climate reanalysis
data, and subgrid permafrost variability was simulated by
variable snow cover. The results were validated against in
situ-measured ground temperatures from 40 permafrost bore-
holes, and the resulting root-mean-square error was 1.9 °C.
The lowest near-surface permafrost temperature of —36 °C
was modelled at Mount Markham in the Queen Elizabeth
Range in the Transantarctic Mountains. This is the lowest
permafrost temperature on Earth, according to global-scale
modelling results. The temperatures were most commonly
modelled between —23 and —18 °C for mountainous areas
rising above the Antarctic Ice Sheet and between —14 and
—8°C for coastal areas. The model performance was good
where snow conditions were modelled realistically, but er-

rors of up to 4 °C occurred at sites with strong wind-driven
redistribution of snow.

1 Introduction

Permafrost in the Antarctic is present beneath all ice-free ter-
rain, except for the lowest elevations of the maritime Antarc-
tic and sub-Antarctic islands (Vieira et al., 2010). Ice- and
snow-free land occupies 0.22 % (30900 km?) of Antarctica
(Burton-Johnson et al., 2016; Hrbacek et al., 2018). Major
ice-free areas include Queen Maud Land, Enderby Land, the
Vestfold Hills, Wilkes Land, the Transantarctic Mountains,
the Ellsworth Mountains, Marie Byrd Land and the Antarctic
Peninsula (Greene et al., 1967; Fig. 1). Despite the relatively
small area, in comparison to glaciated areas, permafrost is
one of the major factors controlling terrestrial ecosystem dy-
namics in the Antarctic (Bockheim et al., 2008).

Compared with the Northern Hemisphere, where the first
permafrost investigations date back to the 19th century (Shik-
lomanov, 2005; Humlum et al., 2003), the ground tem-
peratures in the Antarctic have been systematically stud-
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Figure 1. Overview map of the ice-free Antarctic regions and extents of the maps presented in the paper. The ice-free areas are shown
according to percentage of MODIS LST measurements in the combined MODIS ERA surface temperature product. Background topography,
on this and all following maps, is from the Quantarctica 3 database (Roth et al., 2017).

ied only during the last 2 decades. Permafrost was studied
in relation to patterned ground since the 1960s and during
the Dry Valley Drilling Project in the 1970s, but temper-
atures have been measured only occasionally (Decker and
Bucher, 1977; Guglielmin, 2012). The first Antarctic per-
mafrost borehole network was implemented in 1999 in Vic-
toria Land (Transantarctic Mountains) and was extended dur-
ing the International Polar Year 2007-2009 to cover all eight

major ice-free regions (Vieira et al., 2010).

Permafrost distribution was estimated and mapped on the
Antarctic Peninsula by Bockheim et al. (2013) based on
mean annual temperature, periglacial features, shallow ex-
cavations, borehole measurements, geophysical surveys and
existing permafrost models. Bockheim et al. (2007) charac-
terised permafrost in the McMurdo Dry Valleys based on
ground ice properties and active-layer thickness from more

than 800 shallow excavations.

Antarctic permafrost modelling efforts were limited to
small areas in the Antarctic Peninsula region and sub-

(TTOP) for eight monitored sites on the Hurd Peninsula
and Livingston Island for the 2007 and 2009 seasons to
study the controlling factors of ground temperatures. Rocha
et al. (2010) ran the H-TESSEL scheme forced by ERA-
Interim reanalysis to simulate ground temperatures at Reina
Soffa Peak on Livingston Island. Ground temperature mea-
surements and permafrost modelling efforts have been lim-
ited to point sites, and little is known about spatial variability
in ground temperatures at the regional and continent-wide
scales.

In this study we employed the TTOP modelling scheme
based on the Moderate Resolution Imaging Spectroradiome-
ter (MODIS) land surface temperature (LST) and ERA-
Interim reanalysis to model the spatial distribution of temper-
atures at the top of permafrost on all ice-free areas of Antarc-
tica and the Antarctic islands. We adapted the existing mod-
elling scheme from the Northern Hemisphere (Westermann
et al., 2015; Obu et al., 2019a) according to the available in-
put data and their characteristics for the Antarctic.

Antarctic islands. Ferreira et al. (2017) modelled freezing
indices and the temperature at the top of the permafrost

The Cryosphere, 14, 497-519, 2020
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2 Methods
2.1 The CryoGrid 1 model

The CryoGrid 1 model (Gisnas et al., 2013) calculates the
mean annual ground temperature (MAGT) and is based on
the TTOP equilibrium approach (Smith and Riseborough,
1996):

1 (nFDDs + rcn TDDs)

MAGT for (nfFDDs + rxnTDDs) < 0,
=11 (ianDDs —i—ntTDDs)

for (ngFDDs + r¢nTDDs) > 0,

ey

where FDDs represents freezing degree days, and TDDs rep-
resents thawing degree days in the surface meteorological
forcing accumulated over the model period t (in days). The
influence of seasonal snow cover, vegetation and ground ther-
mal properties was taken into account by the semi-empirical
adjustment factors r¢ (ratio of thermal conductivity of the
active layer in thawed and frozen state), n¢ (scaling factor
between average winter surface and ground surface tempera-
ture) and n (scaling factor between average summer surface
and ground surface temperature). We use land surface tem-
perature (LST) to compute FDDs and TDDs (see following
section) instead of the air temperature that was used initially
by Smith and Riseborough (2002) and hence omit the thaw-
ing n; factors.

2.2 Freezing and thawing degree days

Spatially distributed datasets of TDDs and FDDs were com-
piled from remotely sensed land surface temperature prod-
ucts and climate reanalysis data following the procedure of
Obu et al. (2019a). We used LST data (level 3 product in pro-
cessing version 6) from MODIS aboard the Terra and Aqua
satellites, which contain up to two daytime and two night-
time measurements per day at a spatial resolution of 1km
starting in the year 2000 (Wan, 2014). For this reason, the
study extends from 2000 to the end of 2017. Data gaps in the
MODIS LST time series due to cloud cover can result in a
systematic cold bias in seasonal averages (Westerman et al.,
2012; Soliman et al., 2012; @Bstby et al., 2014), so a gap fill-
ing with near-surface air temperatures from the ERA-Interim
and ERA-5 reanalysis was applied (Westermann et al., 2015).

The ERA-Interim reanalysis provides gap-free meteoro-
logical data from 1979 onwards at a spatial resolution of
0.75° x 0.75° (Dee et al., 2011). The ERA-5 reanalysis is
an ERA-Interim upgrade and provides the data at improved
0.28125° x 0.28125° (31 km) spatial resolution but was, at
the time of the study, available only from 2008 onwards
(Hersbach and Dee, 2016). ERA-Interim data were, for this
reason, used before 2008, and ERA-5 data were used af-
terwards. The reanalysis data were downscaled to the 1km
resolution of individual MODIS pixels using atmospheric
lapse rates and the Global Multi-resolution Terrain Elevation

www.the-cryosphere.net/14/497/2020/

Data 2010 (GMTED2010; Danielson and Gesch, 2011). The
downscaling methodology was described in detail by Fid-
des and Gruber (2014), Westermann et al. (2015), and Obu
et al. (2019a). The gap-filled MODIS LST time series were
averaged to 8d periods from which FDDs and TDDs were
finally accumulated for the 2000-2017 study period.

2.3 Average annual snowfall and n¢ factors

Spatially distributed datasets of ny factors were generated
from average annual snowfall forced by ERA-Interim and
ERA-5 reanalysed data. Snow cover in the majority of the
Antarctic is dominated by sublimation and processes re-
lated to blowing snow (Gallée, 1998; Bintanja and Reijmer,
2001), which were not taken in to account by the snow-
fall and degree-day model that Obu et al. (2019a) used to
estimate the n¢ factor for the Northern Hemisphere. Thus,
only mean annual snowfall was calculated using the down-
scaled ERA-Interim precipitation data from before 2008 and
the ERA-5 precipitation after 2008. Precipitation was down-
scaled based on the difference between reanalysis elevation
data and GMTED2010 data using a precipitation gradient,
found in drier areas (Hevesi et al., 1992), of 2 % per 100 m
up to 1000 m and 1 % per 100 m for elevations above 1000 m.
Snowfall was defined as precipitation at air temperatures be-
low 0°C, using the downscaled ERA-Interim air tempera-
tures as employed for the gap filling of MODIS LST (see
above). For a detailed downscaling procedure description,
see Obu et al. (2019a).

Nt factors were defined based on average annual snow-
fall; however the reported n¢ factors in Antarctica were cal-
culated with respect to snow depth. Oliva et al. (2017) iden-
tified ns factor values of around 0.3 for snow accumulations
of 80 cm on Livingston Island, although the n¢ factors can
increase to (.55 in the same accumulations due to their tem-
poral variability (de Pablo et al., 2017). N¢ factors close to, or
even greater than, 1 were measured in areas with little or no
snow cover on Vesleskarvet nunatak (Kotzé and Meiklejohn,
2017), in the McMurdo Dry Valleys (Lacelle et al., 2016)
and on James Ross Island (Hrbacek et al., 2016). This range
was used to constrain the n¢ factor ranges in relation to aver-
age annual snowfall (Table 1). Since the snow model was not
able to simulate snow-free sites, nor snowdrifts, due to strong
wind distribution, we used a maximum #n¢ factor of 0.95 and
a minimum of 0.3. However, smaller snow-depth variations
on a local scale were taken into account, with an ensemble
of different values of mean annual snowfall for each 1 km?
pixel (e.g. Gisnas et al., 2014).

2.4 ri factors
The ry factor is defined as the ratio of thawed and frozen ther-
mal conductivities of the active-layer material (Romanovsky

and Osterkamp, 1995) and is related to water and organic
matter contents (e.g. Gisnas et al., 2013). Soil moisture prop-
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Table 1. Ranges of ny factors that were assigned to mean annual
snowfall values.

Mean annual ngmin - ng max
snowfall (mm)

<3 0.85 0.95
3-10 0.77 0.85
10-30 0.75 0.77
30-50 0.73 0.75
50-75 0.67 0.73
75-100 0.64 0.67
100-125 0.55 0.64
125-150 0.5 0.55
150-200 0.45 0.5
200-300 0.4 0.45
> 300 0.3 04

erties were mapped on a regional scale (Bockheim et al.,
2007), but no pan-Antarctic datasets related to soil water or
organic contents were available. The ESA CCI Land Cover
that Obu et al. (2019a) used for the Northern Hemisphere
study contains only a “permanent snow and ice” class on
the Antarctic mainland; therefore, a rock outcrop dataset
(Burton-Johnson et al., 2016) was used to constrain non-
glaciated areas. An ry factor of 0.85 was used for the whole
of the Antarctic, representing an average value between very
dry sites on continental Antarctica and moderately moist sites
on the Antarctic Peninsula.

2.5 Ensemble-based modelling of subpixel
heterogeneity

Ground temperatures can vary considerably at short dis-
tances due to heterogeneous snow cover, vegetation, topog-
raphy and soil properties (Beer, 2016; Gisnas et al., 2014,
2016; Zhang et al., 2014). We ran an ensemble of 200 model
realisations with different combinations of n¢ and ri factors
to simulate the variability. Ry factor values were drawn ran-
domly from a uniform distribution to vary by £0.1 between
0.75 and 0.95 to represent both very dry sites and locations
with higher soil moisture. The distribution of snowfall within
the 1 km pixel was simulated using a log-normal distribution
function where mean annual snowfall determined the mean
of the distribution. The coefficient of variation in the distribu-
tion for the open areas (0.9) according to Liston (2004) was
assigned to all modelled areas. An n¢ factor was assigned to
the estimated average annual snowfall according to Table 1.
The pixels not overlapping with rock outcrops were masked
out. A fraction of the model runs, with MAGT < 0°C, was
used to derive the permafrost type (zone) on Antarctic islands
(see Obu et al., 2019a, for detailed description).
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2.6 Model validation

We compared our results to available in situ measurements
in 40 permafrost boreholes and shallow boreholes at soil-
climate stations. The ensemble mean of modelled MAGTs
was compared to the borehole measurements to take the sim-
ulated spatial variability, provided by the ensemble spread,
into account. The accuracy of the model was estimated, with
root-mean-square error (RMSE) and mean absolute error, be-
tween the modelled and measured MAGT.

The validation data were provided by the authors for the
McMurdo Dry Valleys, ice-free areas near Russian stations
(Bunger Hills, Schirmacher Hills, Larsemann Hills, Thala
Hills, King George Island and Hobs Coast) and the north-
ern Antarctic Peninsula. Ground temperatures from these lo-
cations represent mean MAGT at the top of the permafrost
and usually overlap well with the modelling period 2000-
2017 (Appendix A). Validation data for Queen Maud Land
(Troll Station, Flarjuven Bluff and Vesleskarvet) and the
Baker Rocks site were obtained from Hrbacek et al. (2018),
and MAGTs from Terra Nova Bay (Oasi New and Boulder
Clay) were obtained from Vieira et al. (2010). MAGTs from
Hope Bay, Mount Dolence, the Marble Point borehole and
Limnopolar Lake were obtained from Schaefer et al. (2017a,
b), Guglielmin et al. (2011) and de Pablo et al. (2014), re-
spectively. The borehole data from Signy Island and Rothera
Point were extracted from Guglielmin et al. (2012, 2014).
The data reported in publications were not necessarily cal-
culated for the top of the permafrost and do not completely
overlap with the modelling period and are, thus, less reli-
able than the author-supplied validation data. For instance,
the data from Vieira et al. (2010) represent MAGT for the pe-
riods before 2010, usually lasting only few years (Table Al).

3 Results
3.1 Comparison to borehole measurements

Ground temperatures can vary significantly inside a 1km?
model pixel, which is, to a certain extent, represented by the
TTOP model ensemble runs. Average MAGT derived from
the ensemble runs was compared to the measured site ground
temperatures, which might limit representativeness for sites
with locally specific ground and snow properties. The com-
parison yielded a RMSE of 1.94 °C and a mean absolute er-
ror for all boreholes of —0.17 °C (Fig. 2). The small mean
absolute error is partly achieved with fine adjustment of the
n¢ factor class limits. For 50 % of the boreholes, the agree-
ment between borehole temperatures and modelled MAGT
was better than 1°C, while it is better than 2 °C for 75 %
and better than 3 °C for 85 % of the boreholes. Assuming a
Gaussian distribution of standard deviation c MAGT, 68 %
of borehole comparisons should fall within 1 0 MAGT, while
95 % falls within 3 cMAGT, and 99 % should be within 3

www.the-cryosphere.net/14/497/2020/



J. Obu et al.: Pan-Antarctic map of near-surface permafrost temperatures at 1 km? scale 501

Antarctic Peninsula
Transantarctic Mountains < e
Queen Maud Land s /
Vestfold Hills Ve
Wilkes Land s
Marie Byrd Land )
5L | A  EnderbyLand £ %
Y/  Ellsworth Mountains 7 o

o
T
X O %<

10 =V

5+ 34 -

Modelled ground temperature (°C)
\

Mean absolute error = -0.17 °C
s & / n=40
4 RMSE =1.94 °C

25 1 L I 1 I
-25 -20 -15 -10 -5 0 5

Measured borehole ground temperature (°C)

Figure 2. Measured vs. modelled permafrost temperatures for all
boreholes. The dashed lines represent 2 °C intervals around the
1:1 solid line.

oMAGT. For the comparison with Antarctic boreholes, 18
(45 %) boreholes were contained within 1, 29 (73 %) within
2 and 31 (78 %) within 3 standard deviations from the mean,
which is comparable to the results for the Northern Hemi-
sphere (Obu et al., 2019a).

3.2 Queen Maud Land

There are 2430 km? of ice-free areas in Queen Maud Land
according to the rock outcrop map (Burton-Johnson et al.,
2016; Hrbacek et al., 2018). The average MAGT is —18.2 °C,
and it ranges from —26.2°C in the highest parts of the
Fimbulheimen Range to —6.3 °C on the Prince Olav Coast,
where MAGTs down to —10°C were modelled at eleva-
tions exceeding 200 m (Fig. 3). MAGTs above —10°C can
be found also at the Schirmacher Oasis (Hills) and reach
above —8 °C. MAGTs in the Sgr Rondane Mountains and
in the Fimbulheimen Range range from —12°C at eleva-
tions of around 800 ma.s.l. to —24°C at elevations exceed-
ing 3000 ma.s.l. The Kirwan Escarpment (elevations usu-
ally exceeding 2000m) is characterised by MAGTSs be-
tween —23 and —20 °C, and in the Heimefront Range (with
slightly lower elevations) the MAGTs were between —22
and —18°C. MAGTs were modelled as being from —21 to
—17°C on the Borg Massif and between —16 and —12°C
on the Ahlmann Ridge.

3.3 Enderby Land
Permafrost occupies 1140km? of ice-free area in Enderby
Land, which is predominantly mountaintops and a few

coastal sites. The modelled average MAGT was —11.7°C,
ranging from —22.4°C, on summits exceeding 2000 m el-
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evation, to —6.3 °C in the north-western part of the coast
(Fig. 4). The MAGT was modelled as being around —8 °C
along the majority of the coast and around —10°C in the
coastal areas of the Nye, Scott and Tula mountains, drop-
ping below —15°C at elevations exceeding 1000 ma.s.l. In
the Framnes Mountains, MAGT was modelled at between
—17 and —12°C.

3.4 Vestfold Hills

The ice-free area of the Vestfold Hills region is 2750 km?.
The modelling showed an average MAGT of —17.4°C in
this region. The MAGT ranged from —6.6 °C on the islands
of the Ingrid Christensen Coast to —28.3 °C in the highest
parts of the Prince Charles Mountains (Fig. 5). The MAGT
in Amery Oasis, which is a part of the Prince Charles Moun-
tains, was modelled as —13 °C, in the lowest-lying areas,
down to —18°C at elevations approaching 1000 ma.s.l. At
similar elevations on the Mawson Escarpment, significantly
lower MAGTS, from —19°C at 200ma.s.l down to —24°C
at 1500 ma.s.l, were recognised. In the coastal lowland ar-
eas of the Larsemann and Vestfold Hills the MAGT ranged
between —10 to —7 °C.

3.5 Wilkes Land

The majority of the 400 km? of ice-free area in Wilkes Land
lies in the area surrounding the Bunger Hills, where MAGTSs
of around —9 °C were modelled close to the Shackleton Ice
Shelf. The lowest MAGT of —15.9 °C was modelled on the
adjacent mountains at 1300 m elevation (Fig. 6). Modelled
MAGTSs were —8 to —6 °C at the Budd Coast, —8 °C at the
Adélie Coast and —10 to —11 °C at the George V Coast. Due
to the prevalence of low-lying regions the mean MAGT of the
region was only —8.9 °C.

3.6 Transantarctic Mountains

The Transantarctic Mountains are the largest ice-free region,
comprising 19750 km? and extending from Cape Adare to
Coats Land. The part west of the 90° meridian (Fig. 7) con-
sists of mountain ranges mostly lower than 2000 m (except
for the Thiel Mountains) that do not extend to sea level. The
highest MAGT, of —17.0°C, was modelled at the foot of
the Shackleton Range and at the Pensacola Mountains. The
MAGTSs decreased down to —29 °C in the high mountains.
The lowest MAGT of —29.8 °C was modelled in the Thiel
Mountains.

The region east of 90°E (Fig. 8) consists of numerous
mountain ranges extending from the Ross Ice Shelf and
Ross Sea up to more than 4000 m elevation and from 69
to 85°S latitude. The results show the widest range of
MAGTs among all the regions, with the lowest tempera-
ture of —33.5°C at Mount Markham in the Queen Eliza-
beth Range and the warmest at —8.5 °C on the Oates Coast.
The modelled MAGT: close to the Ross Ice Shelf decreased
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northwards, from —15 °C at the Amundsen Coast to —18 °C
to the north of the Dufek Coast. Similar MAGTS, between
—19 and —17°C, were modelled further north along the
ice shelf at the Shackleton and Hillary coasts. Similar de-
creases in MAGT at higher elevations in the northward di-
rection were observed, but local MAGT variations in rela-
tion to altitude were considerable. However, MAGTSs below
—30°C were modelled at the highest parts of the moun-
tain ranges along the Ross Ice Shelf. Higher MAGTs were
modelled along the Ross Sea and range between —15 and
—12°C along the Scott and Borchgrevink coasts. The mod-
elled MAGTSs were around —10°C at Cape Adare and be-
tween —13 and —10°C on the Pennell Coast. MAGT was
modelled down to —26 °C in the Prince Albert Mountains at
elevations above 2000 m a.s.l. They approach —30°C at the
highest elevations, which exceed 3000 ma.s.1., in the Deep
Freeze Range. Despite the elevations reaching 4000 m a.s.1
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in the Admiralty Mountains, the MAGT was only down to
—23°C.

McMurdo Dry Valleys

The McMurdo Dry Valleys are a part of the Transantarctic
Mountains, include a large ice-free area (4500 km2) and are
one of the most extensively studied permafrost regions in
Antarctica (Levy, 2013; Bockheim et al., 2007). The lowest
MAGT among the dry valleys is modelled in the Victoria Val-
ley, falling below —24 °C at the lowest part (Fig. 9). A win-
ter ground temperature inversion is pronounced with MAGTs
in the surrounding valleys, modelled at around —21 °C. The
MAGT also increases up the valleys to —21 °C in the McK-
elvey, Balham and Barwick Valleys. No MAGT inversion
was modelled in the Wright Valley, where MAGTSs ranged
between —21 and —19°C and in the Taylor Valley, which
is the warmest, with an MAGT of —17 °C in the lower-lying
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Figure 4. Permafrost temperature maps of Enderby Land and differences between borehole and modelled MAGT. Legends, scale and north
arrow are valid for both panels. See Fig. 1 for location of panels (a) and (b).

parts and —20 °C in the upper part of the valley. At the Olym-
pus and Asgard ranges and the Kukri Hills, which surround
the valleys, MAGTs between —23 and —20°C were mod-
elled. In the surrounding mountains, close to the ice sheet,
modelled MAGTs were around —25 °C and reached —27 °C
at the highest and the most east-lying mountains. MAGTSs
along the coast of McMurdo Sound ranged from —13 to
—17°C. On Ross Island, the MAGT was modelled as —16 °C
at the Scott and McMurdo bases, which are near sea level,
and down to —24 °C at higher altitudes on Mount Erebus.

3.7 Ellsworth Mountains

The ice-free area of the Ellsworth Mountains occupies
380km? of high-elevation terrain, with a modelled mean
MAGT of —21.5°C. The highest temperature was modelled
at the foot of the mountains (—17.4°C) at 500 ma.s.l., with
—21°C at 1000ma.s.l., —22°C at 2000 m and —26.1°C at
the highest elevations of Vinson Massif (Fig. 10).

www.the-cryosphere.net/14/497/2020/

3.8 Marie Byrd Land

The ice-free areas in Marie Byrd Land occupy only 210 km?
and consist mostly of rock outcrops at lower elevations
close to the coast and volcanos protruding through the ice
sheet. In the Ford Ranges, MAGT was modelled as from
—10°C close to sea level to —16 °C at elevations exceeding
1000 ma.s.I (Fig. 11). MAGTs between —11 and —8 °C were
modelled at the Hobbs, Walgreen, Eights and Ruppert coasts,
reaching —6 °C on the islands surrounded by open sea. The
volcano mountain ranges reaching 3000 m a.s.l. (Flood and
Kohler Range) had MAGTS typically ranging between —16
to —14°C at their peaks. Modelled MAGTs were between
—25 and —21 °C on the Executive Committee Range, where
rock outcrops occur above 2000 m a.s.l. and the highest peaks
extend to over 4000 ma.s.l.

The Cryosphere, 14, 497-519, 2020
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Figure 7. Permafrost temperature map of the Transantarctic Mountains west of the 90° meridian. See Fig. 1 for location.

3.9 Antarctic Peninsula

The ice-free areas of the Antarctic Peninsula cover 3800 km?,
including the South Shetland Islands, where the modelled
MAGT was slightly below 0°C, and the mountains of the
south-eastern Antarctic Peninsula, with modelled MAGTs of
around —19 °C. The modelled near-surface permafrost tem-
peratures in the Antarctic Peninsula were the warmest among
all Antarctic regions, with an average modelled MAGT of
—7.3°C (Fig. 12).

3.9.1 Palmer Land

The mountains of Palmer Land show considerable differ-
ences between the eastern and western parts of the penin-
sula. Modelled MAGTSs at the mountains of the Orville Coast
were around —17 °C, increasing to about —12 to —15°C at
the Black Coast and eventually rising above —10°C at the
Wilkins Coast. On the western side at the Fallieres Coast,
MAGTs of up to —4°C were modelled. Temperatures de-
creased to —6 to —8 °C at the Rymill Coast, around —10°C
at 1000 m a.s.l. and approaching —12 °C at 1500 m a.s.l. Sim-
ilar MAGT ranges were modelled on Alexander Island,
where MAGTSs close to the coast were around —5 °C, de-
creasing to between —9 and —7 °C at 1000 m a.s.l. and falling
below —10°C at elevations above 2000 m a.s.1.

3.9.2 Graham Land

A considerable increase in modelled MAGT from the east
to the west of Graham Land was observed, where the south-
ern part of the eastern coast is protected by the Larsen Ice
Shelf. Ground temperatures gradually increased in the north-
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ward direction on both sides of the peninsula. MAGTs at the
Bowman and Foyn coasts ranged between —8 and —6 °C and
slowly increased from —6 °C at the Oscar II Coast to around
—4°C at the northernmost part of the mainland, although
still falling below —8 °C at higher elevations. On the west-
ern side, MAGT gradually decreased from around —2°C
on the northern Davis Coast to —5°C at the south of the
Danco Coast and Anvers Island, where MAGT also fell be-
low —6°C at higher elevations. Similar MAGT ranges were
observed at the Graham and Loubet coasts and at Adelaide
Island but were lower than —7 °C at higher elevations. Small
Island along the western coast of the Antarctic Peninsula had
a modelled MAGT between —3 and —1 °C.

3.9.3 South Shetland Islands and James Ross Island

Another frequently studied area in the Antarctic is the north-
ern Antarctic Peninsula, especially the South Shetland Is-
lands. At sites close to sea level, the modelled MAGT was
usually above —1 °C on the South Shetland Islands (Fig. 13).
MAGT decreased below —2 °C on sites that are not adjacent
to the coast but still low-lying, such as Byers and Hurd Penin-
sulas on Livingston Island and Fildes Peninsula on King
George Island. The MAGT was below —4°C on the high-
est unglaciated peaks of Livingston and Smith Islands and
reached —3 °C on Deception Island.

Modelled MAGTSs were noticeably colder on James Ross
Island than on the South Shetland Islands, and, at sites ad-
jacent to the sea, ranged from —3°C in the north down
to —5°C in the south. Lower-lying ice-free areas, includ-
ing Seymour Island, had MAGTs typically between —6 and
—5°C. The MAGTsS on the highest rock outcrops were mod-
elled as being down to —7 °C.

The Cryosphere, 14, 497-519, 2020
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3.10 Other Antarctic and sub-Antarctic islands

The modelling results were derived for the Antarctic islands
and sub-Antarctic islands, where the size and ice-free area
of the island is sufficient that MODIS LST data were avail-
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able. The MAGT on Signy Island ranged from —1.5 °C at the
coast to —4 °C in the interior. Permafrost was modelled on all
South Sandwich Islands, with similar MAGT ranges to those
on Signy Island (Fig. 14). Less permafrost is modelled on
South Georgia Island, where MAGTS at the coast increase

www.the-cryosphere.net/14/497/2020/



J. Obu et al.: Pan-Antarctic map of near-surface permafrost temperatures at 1 km? scale 507
165°E 160°E
1 1
A3
1) O Difference between model
o ", and borehole MAGT (°C)
o Y
N~ 4 ® Llessthan-25
® -25t0-15
@ -15t0-05 »
O 051005 [
O 05t015
© 15t025
@® More than 2.5
f;/’ Scott Base
o Oy
N~
B w
Mount Erebus?}‘,’ | o
Ross Island Y McMurdo ,’:
e Sound p¥
% i
x - dwi/ et
Granite &
Harbour 4
MAGT (C) S
[T
Igysgeeteesonco 4 ondie -
9 R T R R T T T R Ice shelves and tongues : P
o| Tssgasgesseszods sea
N~ T T - T
170°E 165°E 160°E

Figure 9. Permafrost temperature map of the McMurdo Dry Valleys and differences between borehole and modelled MAGT. See Fig. 1 for
location. Note: the MAGT colour ramp is different from other figures. 1: McKelvey Valley. 2: Balham Valley. 3: Barwick Valley. 4: Olympus

Range. 5: Asgard Range. 6: Kukri Hills.

to +1°C and sporadic permafrost starts to occur at eleva-
tions above 100 m. The MAGTsSs decreased below —2°C at
the highest-lying rock outcrops. No permafrost was modelled
on the Crozet Islands. MAGTs below 0°C were modelled
at the highest elevations of Kerguelen Island and in isolated
permafrost patches occurring above 500 ma.s.l. Permafrost
is present also on the southernmost ice-free area of Heard
Island.

3.11 Regional MAGT distribution

The MAGT distribution of Antarctic is bimodal, with the
most pronounced peak at —21°C and the second peak at
—7°C (Fig. 15). The peaks correspond to the two largest ice-
free areas of the Transantarctic Mountains and the Antarc-
tic Peninsula; however the temperatures around the —20°C
peak also occur in other regions, such as Queen Maud Land,
the Vestfold Hills and the Ellsworth Mountains. The most
commonly modelled temperatures were between —23 and
—18°C and usually occurred in the mountains rising above
the Antarctic Ice Sheet and glaciers. MAGTs between —10
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and —6°C occurred in the coastal areas of Wilkes Land,
Marie Byrd Land, Queen Maud Land, Enderby Land and the
Vestfold Hills. However the peak of temperature distribution
at coastal sites shifted towards —7 °C because of MAGTSs on
the Antarctic Peninsula. The peak of coastal areas would be
at —9 °C if the Antarctic Peninsula were excluded.

3.12 Altitudinal MAGT gradients

Average MAGT lapse rate for the whole Antarctic was
0.40°C (100m)~!, ranging from 0.15°C (100m)~! in the
Ellsworth Mountains to 0.59°C (100 m)~! in Enderby Land.
The lapse rates increased from 0.21 °C (100 m)~! in Wilkes
Land to 0.38 °C (100 m)~! in the Transantarctic Mountains,
0.44°C (100m)~" in the Vestfold Hills, 0.47°C (100 m)~!
in Marie Byrd Land and in the Antarctic Peninsula, and
0.49°C (100m)~! in Queen Maud Land.

The lapse rates indicate significant regional differences
in the modelled MAGT patterns in relation to elevation
(Fig. 16). The warmest among all regions was the Antarctic
Peninsula, which had MAGTSs similar to Marie Byrd Land

The Cryosphere, 14, 497-519, 2020
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Figure 10. Permafrost temperature map of the Ellsworth Mountains and differences between borehole and modelled MAGT. See Fig. 1 for

location.

of —12°C only at around 1300 ma.s.l. Marie Byrd Land,
Queen Maud Land, Enderby Land and Wilkes Land had
MAGTs of —9°C at the coast but show varying character-
istics of temperature decrease with elevation. Marie Byrd
Land was the warmest, with a decrease in MAGT up to
1500 m a.s.l. and a faster decrease to —25 °C at 3000 m a.s.l.
The slower decrease in temperature with altitude to the
1500 m elevation was also modelled in Enderby Land, but the
MAGT was colder. The MAGT decreased rapidly to —13 °C
at 700 ma.s.l. in Queen Maud Land, where it slightly in-
creased with elevation and then dropped steadily to —22°C
at 2800 m a.s.l. The MAGT increase with elevation could be
explained by presence of rock outcrops with similar elevation
in different latitudes or in different settings regarding conti-
nentality.

The modelled MAGT in the Vestfold Hills dropped
rapidly, from —10°C at the coast to —17°C at 200 ma.s.1.,
and then gradually decreased to —24°C at 2000 ma.s.l.
There are no rock outcrops close to sea level in the Ellsworth
Mountains, and the MAGT at 100ma.s.l. was —20°C. In
the Ellsworth Mountains there was a slow decrease in the
modelled MAGT, to —25°C at 3000ma.s.l. The coldest
MAGTSs (below —30°C) were modelled in the Transantarc-
tic Mountains. In the part west of the 90° meridian, the
MAGT dropped from —20°C at 500ma.s.] to —27°C at
2000 ma.s.l., but the absolute temperatures were lower east
of the 90° meridian, where elevations exceed 4000 m a.s.1.

According to the gradients for subregions of the northern
Antarctic Peninsula, the warmest were the South Shetland
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Islands, followed by Palmer Archipelago (Fig. 17). The alti-
tudinal MAGT profiles showed clear differences between the
western and eastern parts of the northern Antarctic Peninsula
mainland, although James Ross Island had a similar altitu-
dinal profile to the western Antarctic Peninsula mainland. A
significant decrease in MAGT from sea level to 100 m ele-
vation was observed on the South Shetland Islands, Palmer
Archipelago and on the western Antarctic Peninsula main-
land.

4 Discussion
4.1 Comparison to borehole measurements
4.1.1 Queen Maud Land

The modelled MAGT was, according to validation data, over-
estimated in Queen Maud Land (Fig. 3). Overestimation in
Schirmacher Hills and Troll Station was below 1 °C but was
higher than 4 °C in Flarjuven Bluff and Vesleskarvet. Both
stations are located on nunataks, which are exposed to wind
that blows the snow away. The estimated 120 mm of annual
snowfall resulted in s factors that were too low for snow-free
conditions. However, the minimum MAGT of the ensemble
spread approaches the measured MAGT at both stations (Ap-
pendix A).

www.the-cryosphere.net/14/497/2020/
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Figure 11. Permafrost temperature maps of Marie Byrd Land and differences between borehole and modelled MAGT. Legends, scale and
north arrow are valid for both panels. See Fig. 1 for location of panels (a) and (b).

4.1.2 Enderby Land, Vestfold Hills and Wilkes Land

The borehole data in Enderby Land were from the Molodej-
naya station (Thala Hills), where modelled MAGT was over-
estimated by 1.6 °C (Fig. 4). The overestimation can be ex-
plained by rather thin snow cover due to strong winds and
snow redistribution at the borehole site, which is confirmed
by small differences between measured winter air and ground
surface temperatures. The MAGT was accurately modelled
in the coastal parts of the Vestfold Hills region, where vali-
dation data were available (Fig. 5). The difference between
modelled and measured MAGT was small at the Larsemann
Hills borehole, but slight MAGT overestimation (between
0.6 and 0.9°C) was observed in comparison to the Larse-
mann and Landing Nunatak borehole measurements. Simi-
larly, the MAGT was accurately modelled at the Bunger Hills
station in the Wilkes Land region, with only small differences
in comparison to measured ground temperature (Fig. 6).

www.the-cryosphere.net/14/497/2020/

4.1.3 Transantarctic Mountains

The majority of the available validation data in the
Transantarctic Mountains region were in the vicinity of the
McMurdo Dry Valleys (Fig. 9). The sites on the floors of the
McMurdo Dry Valleys (Victoria Valley, Wright Valley floor
and Bull Pass) were modelled well, with slight overestima-
tion in Victoria Valley and underestimation of around 1°C
in the Wright Valley. Two observation sites on small terraces
on the walls of the Wright Valley (WV south wall and WV
north wall) were modelled 3—4 °C too cold. The difference
can be explained by the micro-location of both sites, which
are sheltered from katabatic winds, are above the winter in-
version layer and receive abundant summer solar radiation.
The MAGT was overestimated by up to 1 °C at Mount Flem-
ing, Scott Base and the Marble Point borehole, which lie out-
side the valleys. The MAGT at the Marble Point site, char-
acterised by glacial till, was overestimated by 2.2 °C; how-
ever, the Marble Point borehole, which was drilled in granite
bedrock approximately 1 km away, showed smaller overesti-
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mation. The MAGT was underestimated by more than 4 °C
at the Granite Harbour site, which has a warm microclimate,
as it is situated on a north-facing moraine that receives a lot
of meltwater from upslope.

Outside the McMurdo Dry Valleys, MAGT measurements
from the Zucchelli Station and Baker Rocks were available
(Fig. 9). The MAGT was overestimated by 2.3°C at the
Boulder clay borehole, which was drilled in a glacial till,
exposed to katabatic winds and characterised by numerous
snow drifts (Guglielmin, 2006), causing high local variabil-
ity in permafrost conditions. On the other hand, the MAGT
was overestimated by only 0.2 °C at the Oasi New borehole,
which is located in a granitic outcrop. MAGT at the Baker
Rocks site, which is situated in littoral deposits (Raffi and
Stenni, 2011), was underestimated by 0.9 °C.

4.14 Marie Byrd Land

The only available borehole data in Marie Byrd Land
(Fig. 11) were from the Russian research station Russkaya.
According to the measured MAGT between 2008-2013 the
modelled MAGT was overestimated by 3.4 °C. The area is
characterised by frequent storms and strong winds, which

The Cryosphere, 14, 497-519, 2020

blow off most of the snow on one hand and decrease the num-
ber and quality of the MODIS measurements on the other
hand. The snow-free conditions at the Hobbs Coast borehole
site were likely not simulated by the snow model, which re-
sulted in the MAGT overestimation. An alternative expla-
nation could be the measurement period, which was only
5 years in comparison to 17 modelled years. No validation
data were available for the higher elevations of the volcanic
ranges. The modelled MAGTSs there might be underestimated
because the TTOP model does not account for the ground
heat flux. This can especially be the case in the locations with
recent volcanic activity.

4.1.5 Antarctic Peninsula

Comparison of the modelled MAGT with measured MAGT
in boreholes showed an underestimation on the western
Antarctic Peninsula and slight overestimation on the east-
ern Antarctic Peninsula (Fig. 13). The MAGTSs are under-
estimated by between 1 and 2.1 °C on the South Shetland Is-
lands (King George, Livingston and Deception Island). The
underestimations may be explained by heat advection from
meltwater and rain that is not simulated by the model but is

www.the-cryosphere.net/14/497/2020/
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Figure 13. Permafrost temperature map of the northern Antarctic Peninsula and differences between borehole and modelled MAGT. See
Fig. 1 for location. Note: the MAGT colour ramp is different from other figures. 1: Hurd Peninsula. 2: Fildes Peninsula.

especially common in this part of the Antarctic. Another pos-
sible explanation for deviations of the modelled MAGT on
the north-eastern Antarctic Peninsula are the frequent cloudy
conditions. Although clouds are generally masked out by
the MODIS LST and replaced by ERA reanalysis temper-
atures, measurements in some areas are still contaminated
with cloud temperatures, which results in MAGT underesti-
mation (Jstby et al., 2014).

Recent shallowing of thaw depth and ground cooling were
observed on Deception Island by Ramos et al. (2017). How-
ever, similar cooling was recorded also on the eastern Antarc-
tic Peninsula, but MAGT was overestimated by 1.4°C at
Marambio Island and by 0.8 °C at Abernethy Flats and by
0.6°C at the Johann Gregor Mendel borehole sites. MAGT
was overestimated by only 0.2 °C at the Hope Bay mainland
site, which suggests that there was a continuous gradient of
MAGT overestimation from the eastern Antarctic Peninsula
to MAGT underestimation on the western Antarctic Penin-
sula.

www.the-cryosphere.net/14/497/2020/

4.2 Permafrost controls

The modelled permafrost temperatures reflect the climatic
characteristics of the Antarctic, with major controls of lati-
tude, elevation and continentality (Vieira et al., 2010). The
effects of the ocean and continentality are well reflected in
altitudinal MAGT profiles in Figs. 16 and 17. Regions with
areas close to the open sea generally show faster MAGT
decrease with elevation, which was observed especially in
the Vestfold Hills, the Transantarctic Mountains east of the
90° meridian and in Marie Byrd Land, where the MAGT
dropped significantly with the first elevation increase of 100
or 200 m. The same phenomenon was observed on the North
Antarctic Peninsula, on the South Shetland Islands, in the
Palmer Archipelago and on the western Antarctic Penin-
sula mainland, where there is less sea ice than on James
Ross Island, and the western Antarctic Peninsula mainland,
where a MAGT decrease was not observed. The continen-
tal mountainous regions of the Ellsworth Mountains, and the

The Cryosphere, 14, 497-519, 2020
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Transantarctic Mountains west of the 90° meridian, have no
open sea in the vicinity and had a significantly slower MAGT
drop with the altitude.

The modelled MAGT lapse rate of 0.40°C (100 m)~! for
the whole Antarctic is lower than the average air tempera-
ture lapse rate of 0.65 °C (100 m)~! in the International Stan-
dard Atmosphere (ISO 2533:1975) but is, however, the same
as the mean air temperature lapse rate measured for ice-free
sites on James Ross Island from 2013-2016 (Ambrozova et
al., 2019). Small increases in MAGTs with elevation were
observed in many regions. This might be attributed to the na-
ture of the analysis rather than a presence of temperature in-
versions. The rock outcrops on the scale of the regions are of-
ten present at different elevations far from each other, which
results in occurrence of higher MAGTs at higher elevations.

The Cryosphere, 14, 497-519, 2020

Additionally, some elevation bins have only a few rock out-
crop pixels, which makes the averaged MAGT less represen-
tative for the whole region.

The lowest MAGT ensemble mean of —33.5 °C was mod-
elled in the Transantarctic Mountains at the Queen Eliza-
beth Range, where the highest peak reaches 4350 m. The
MAGT there could fall below —36 °C according to the cold-
est ensemble member. This is the lowest MAGT modelled
on Earth according to the modelling in the other parts of the
globe (Obu et al., 2019a, b). On the highest Antarctic peak,
Mount Vinson in the Ellsworth Mountains, reaching 4892 m,
a MAGT of only —26.1 °C was modelled. The Queen Eliz-
abeth Range lies approximately 5° further south than Mount
Vinson, illustrating the effect of latitude on permafrost tem-
peratures.

www.the-cryosphere.net/14/497/2020/
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The winter air temperature inversions that occur in the Mc-
Murdo Dry Valleys result in air temperatures that are about
10 °C lower in the valleys than in the surroundings, but inver-
sions are occasionally disrupted by winter storms. The winter
inversions reflect MAGTSs being approximately 3 °C colder

www.the-cryosphere.net/14/497/2020/

on the floor than the in surrounding areas in Victoria Valley,
where the inversions are particularly intense in comparison
to other valleys. No MAGT inversions were modelled in the
Wright Valley, at only 50 m a.s.l (though winter temperature

The Cryosphere, 14, 497-519, 2020
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inversions do occur there), or in the Taylor Valley, which is
opened to the coast and can drain cold air.

4.3 Model performance and limitations

As the LST data are primarily derived from satellite data,
their availability and accuracy depend on cloud cover. On one
hand the frequent cloud cover might be a reason for general
underestimation of modelled MAGT at Antarctic Peninsula.
However, the clear-sky conditions in the McMurdo Dry Val-
leys might explain the relatively successful modelling results
in this area.

The absence of vegetation in the Antarctic results in high
snow redistribution by wind and highly spatially variable
snow cover, which influences ground temperatures in many
parts of the Antarctic (Guglielmin et al., 2014; Ramos et al.,
2017; Ferreira et al., 2017). Neither snow redistribution nor
sublimation are simulated by our snowfall model, and the av-
erage snow depths could not be estimated, so n¢ factors could
not be derived for the Antarctic in the same manner as was
done for the Northern Hemisphere by Obu et al. (2019a). Al-
though an ensemble of 200 model runs with varying annual
snowfall is used, the mean of the ensemble runs does not
always represent the borehole site microclimate and ground
properties. In the case of wind-exposed nunataks where the
snow presence is overestimated on larger areas, such as Flar-
juven Bluff and Vesleskarvet, the MAGTs were overesti-
mated by up to 4 °C, but the modelled ensemble minimum
still approached the measured MAGT.

Several permafrost and active-layer studies in the Antarc-
tic have noted occurrence of n¢ factors above 1 (Lacelle
et al., 2016; Kotzé and Meiklejohn, 2017), which indicates
that average air temperatures are higher than ground surface
temperatures. The likely explanation could be a presence of
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snow during the warmer part of the year, which is insulat-
ing ground from heat, unlike from cold in the winter. How-
ever Kotzé and Meiklejohn (2017) mention also a presence
of blocky deposits at the Vesleskarvet site, which could re-
sult in ground cooling due to cold air advection. The concept
of n¢ factors was introduced for the Northern Hemisphere to
account for the effect of snow cover during freezing condi-
tions (Smith and Riseborough, 1996), which challenges the
derivation of n¢ factors for TTOP modelling on the Antarctic
sites with highly temporarily variable snow cover.

Ground properties such as water or organic matter contents
could not be taken into account by r¢ factors due to the ab-
sence of datasets on a pan-Antarctic scale. However, the ri
factors are multiplied only with TDDs in the TTOP model.
The TDDs are low in comparison to FDDs in the Antarc-
tic, which results in limited influence of the ry factors on the
results. There were no TDDs present in the Antarctic inte-
rior according to the input data. TDDs in coastal areas usu-
ally contributed less than 1 % to the whole sum of FDDs and
TDDs, and this contribution increased up to 15 % at the low-
land sites on the South Shetland Islands. However, ground
stratigraphies are crucial for transient permafrost models in
the Antarctic.

Elevation is one of the major permafrost controlling fac-
tors in the Antarctic (Vieira et al., 2010). In steep terrain, the
model input datasets are less likely to be representative for
the micro-locations within the modelled pixel or the bore-
hole site, as, for example, shown on the borehole sites on
the walls of the Wright Valley. A number of the Antarctic
boreholes are situated in mountainous environments, which
might explain some of the discrepancies between measured
and modelled MAGT. Elevation uncertainties in digital ele-
vation model are inherited by the model and reflected in the
estimated average annual snowfall and downscaled ERA re-
analysis temperatures. The elevations of some peaks might
also not be well represented at the spatial resolution of 1 km;
therefore the modelled MAGT might appear warmer than the
MAGT found on the top a peak.

5 Conclusions

Near-surface permafrost temperatures in the Antarctic were
most commonly modelled as being between —23 and —18 °C
for mountainous areas rising above the Antarctic Ice Sheet.
The Earth’s lowest permafrost temperature of —36°C was
modelled at Mount Markham in the Queen Elizabeth Range
in the Transantarctic Mountains. Coastal regions were usu-
ally characterised with ground temperatures between —14
and —8°C, approaching 0°C in the coastal areas of the
Antarctic Peninsula and rising above 0°C in the Antarctic
islands. The regional variations in permafrost temperatures
can be explained by (1) continentality, which influences per-
mafrost temperatures, especially at elevations of up to 200 m,
(2) elevation and (3) latitude, which explains differences in
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permafrost temperatures at similar elevations. Snow cover
and snow redistribution have strong influence on local per-
mafrost temperature variations in the Antarctic.

Comparison of modelled temperatures to 40 permafrost
boreholes and soil-climate stations yielded root-mean-square
error of 1.9 °C, but the accuracy varied significantly between
borehole sites. The difference was smaller than 1 °C for more
than 50 % of the sites but can exceed 4 °C. The greatest
differences between the modelled and measured permafrost
temperatures occurred where snow conditions were not suc-
cessfully represented in the model. These sites are generally
exposed to a strong wind-driven redistribution of snow, as,
for example, at nunataks in Queen Maud Land, on the Hobs
Coast and in Marie Byrd Land. Considerable differences be-
tween modelled and measured MAGTs also occurred at sites
with microclimate and ground properties that are not repre-
sentative for the respective modelled 1km? pixel. Permafrost
temperatures on the walls of Wright Valley and in Gran-
ite Harbour were underestimated by up to 4 °C, which can
be explained by warm microclimates of the borehole sites
compared to surroundings. The model performed well in
areas with frequent cloud-free conditions, such as the Mc-
Murdo Dry Valleys, where even winter air temperature inver-
sions are reflected in the modelled permafrost temperatures.
Frequent cloudy conditions on the north-western Antarctic
Peninsula can to some extent explain the systematic underes-
timation of modelled permafrost temperatures in this area.

www.the-cryosphere.net/14/497/2020/

This study is the first continent-wide modelling of per-
mafrost temperatures for the Antarctic. It reports near-
surface permafrost temperatures for remote regions without
observations, which is highly valuable for research fields,
such as climate change, terrestrial ecology, microbiology
or astrobiology. Our study suggests that extended networks
of currently sparse borehole temperature measurements and
spatially distributed information on snow cover and ground
properties are crucial for improving future permafrost mod-
elling results in the Antarctic.

The Cryosphere, 14, 497-519, 2020
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ABSTRACT ARTICLE HISTORY
Monitoring of active layer thawing depth and active layer thickness Received 22 May 2017
(ALT), using mechanical pronging and continuous temperature data Accepted 18 December 2017
logging, has been undertaken under the Circumpolar Active Layer

Monitoring - Sout'h (.CALM—S) Jprogram at a range of'sites across CALM-S; active layer
Antarctica. The objective of this study was to summarize key data thickness; ground
from sites in different Antarctic regions from 2006 to 2015 to review temperature; Antarctica;
the state of the active layer in Antarctica and the effectiveness of the active layer monitoring;
CALM-S program. The data from 16 sites involving 8 CALM-S and climate

another 8 boreholes across the Antarctic have been used in the

study. Probing for thaw depth, while giving information on local

spatial variability, often underestimates the maximum ALT of

Antarctic soils compared to that determined using continuous

temperature monitoring. The differences are likely to be caused by

stones limiting probe penetration and the timing of probing not

coinciding with the timing of maximum thaw, which varies between

seasons. The information on the active layer depth is still sparse in

many regions and the monitoring needs to be extended and

continued to provide a better understanding of both spatial and

temporal variability in Antarctic soil thermal properties.

KEYWORDS

Introduction

Antarctica is the coldest continent on Earth and contains about 90% of the World’s ice.
Apparently, less than 25% (ca. 3.5 mil km?) of Antarctica has sub-glacial permafrost
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(Bockheim, 1995), and only about 30,900 km” of Antarctica comprises ice-free land (Burton-
Johnson, Black, Fretwell, & Kaluza-Gilbert, 2016), which is mostly distributed around the
continent margins and in nunataks. The largest ice-free areas are located in Victoria Land
and the Transantarctic Mountains (about 19,750 km?). East Antarctica has about
6930 km? of ice-free land, including the Vestfold Hills (about 2750 km?), Queen Maud
Land (about 2430 km?), Enderby Land (about 1140 km?) and Wilkes Land (about
400 km?). Western Antarctica includes three ice-free regions, the Antarctic Peninsula
(about 3800 km?), the Ellsworth Mountains (about 380 km?) and Marie Byrd Land (about
210 km®). Ice-free areas are the unique environments in Antarctica where the active layer
can be monitored. Active layer research in Antarctic ice-free areas includes a range of
environments with varying topography, geology and climate. Thus, the study of active
layer properties in different regions is important to understand the main driving factors
affecting local thermal regimes and active layer thickness (ALT).

Significant advances in active layer monitoring have been made since the International
Polar Year (IPY, 2007-2009), during which the number of temperature monitoring bore-
holes in Antarctica increased from 24 to 73 (Vieira et al., 2010). Now there are almost 100
Antarctic ground temperature monitoring sites included in the Global Terrestrial Network
for Permafrost (GTN-P) database. The highest densities of boreholes are in the Antarctic
Peninsula region and in the Dry Valleys in Victoria Land.

The number of studies on active layer dynamics in the Antarctic increased since 2010 and
most of them have focused on characterization of the active layer thermal regime in bore-
holes located in soils or sediments (e.g. Bockheim, 2015; de Pablo, Ramos, & Molina,
2014; Kotzé & Meiklejohn, 2017; Schaefer et al., 2017) as well as on their climate control
(Guglielmin & Cannone, 2012; Lacelle et al., 2016). Important progress has been made in
understanding the effect of snow on active layer dynamics, mainly in the Antarctic Peninsula
region (e.g. Guglielmin, Worland, Baio, & Convey, 2014; Hrbacek, Laska, & Engel, 2016; de
Pablo, Ramos, & Molina, 2017; Oliva, Hrbacek, et al., 2017; Ferreira, Vieira, Ramos, & Nieu-
wendam, 2017). Other recent studies have focused on the effects of vegetation (Guglielmin,
Dalle Fratte, & Cannone, 2014; Michel et al., 2012), lithological or ground thermal properties
(Goyanes, Vieira, Caselli, Mora, et al., 2014; Hrbacek, Knazkova, et al., 2017; Hrbacek, Nyvlt,
& Laska, 2017), the active layer thermal regime and thickness, and the thermal regime in the
deep boreholes in bedrock (Correia, Vieira, & Ramos, 2012; Guglielmin, Balks, Adlam, &
Baio, 2011; Guglielmin, Worland, et al., 2014). The procedures for monitoring active layer
dynamics, included in the Circumpolar Active Layer Monitoring (CALM) protocol, were
standardized for Arctic regions by Brown, Hinkel, and Nelson (2000). Guglielmin (2006)
implemented the CALM protocol in Antarctica and defined its southern form (CALM-S),
which he adapted for Antarctic conditions. The CALM-S approach has been applied in
various regions across Antarctica (e.g. Guglielmin, Worland, & Cannone, 2012; de Pablo
et al,, 2013; Guglielmin & Cannone, 2012; Ramos et al., 2017; Hrbacek, Kiiazkova, et al.,
2017). Currently, around 15 CALM-S sites are estimated to be active in Antarctica according
to the GTN-P database.

Despite the increase in CALM-S sites, recent studies focused primarily on only one or two
sites and a regional perspective on the variability of active layer properties across Antarctica
is still lacking. Regional synthesis is mainly limited to the Antarctic Peninsula region (e.g.
Bockheim et al., 2013) and the McMurdo Dry Valleys (e.g. Adlam, Balks, Seybold, & Camp-
bell, 2010), while the only overview for Antarctica has been conducted after the International
Polar Year in 2007-2009 (Vieira et al., 2010). This work showed the gradient of ground
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temperature and ALT from the warmest areas in Antarctic Peninsula (ALT of 0.3-4 m) to
the coldest areas in mountainous regions of Eastern Antarctica and Victoria Land (ALT of
0.1-0.5 m).

The main objective of this paper is to present an updated overview of the current state, the
active layer at selected CALM-S sites and selected active layer boreholes for three sectors of
Antarctica. The assessment focuses on mean annual air and ground temperatures (MAAT
and MAGT), thaw depth and ALT as key variables of the active layer thermal state. The
selected sites explore the potential importance of the growing dataset to understanding per-
mafrost and climate effects in the ice-free regions of Antarctica. The strengths and weak-
nesses of the current data collection efforts are assessed and areas for future development
are considered.

Methodology
CALM-S sites

In this study, MAAT and MAGT probed active layer thaw depth (referred to here as ‘thaw
depth’), thermally defined ALT and ground temperatures were studied at eight CALM-S sites
in Antarctica and additionally in eight boreholes. The CALM-S sites reported in this study
are located in the Antarctica Peninsula region (five), and on the coastal fringe of Eastern Ant-
arctica (three) (Table 1 and Figure 1). The boreholes used in this study are representative of
ice-free regions in Antarctica where CALM-S sites could not be established due to lithological
terrain properties containing a large volume of coarse fraction impeding active layer probing.
Areas with continuous temperature monitoring, rather than probing for thaw depth, include
the McMurdo dry valleys (four) Eastern Antarctica (three) and the Antarctic Peninsula (one)
(Table 1 and Figure 1).

The original CALM protocol, which focused on understanding local thaw depth variabil-
ity (Brown et al., 2000), was modified to better suit Antarctic conditions for Circumpolar
Active Layer Monitoring — South (CALM-S). The main difference was enabling probing in
smaller, or irregular, grids instead of the standard 100 x 100 m grid as coarse and rocky
terrain is difficult to effectively probe for depth to ice cement (Guglielmin, 2006) and
some Dry Valley sites do not have sufficient moisture to form ice cement. Prevailing
ground properties of coarse and rocky texture in Antarctica often prevent active layer
probing and make this method possible to apply in some areas only. Other limitations of
CALMS-S probing measurements in Antarctica are also related to climate and logistic con-
straints, which may prevent grid measurement at, or close to, the date of maximum ALT
during the thawing seasons (Guglielmin, 2006). Therefore, the active layer thaw depth
measured, by probing, annually at around the same date, was used as a representative
approach.

MAAT and MAGT data cover the period from 2006 to 2015; however, at several sites, the
period is shorter or not continuous (Table 1).

Active layer thermal and thickness monitoring

Monitoring of ground temperatures in Antarctica has been undertaken both in shallow
(e.g. Guglielmin & Cannone, 2012; Guglielmin, 2006; Guglielmin, Dalle Fratte, et al., 2014;
Goyanes, Vieira, Caselli, Cardoso, et al., 2014; Goyanes, Vieira, Caselli, Mora, et al., 2014;
de Pablo et al., 2014) and deep boreholes (e.g. Bockheim et al., 2013; Correia et al., 2012;



Table 1. Summary of CALM-S sites and boreholes in Antarctica selected for this study.

Region Locality Site Period CALM-S Cont. Lat. Long. Altitude (m asl.) Borehole (m)
Antarctic Peninsula Deception Island Collado Irizar 2009-2015 Yes Yes —62.98 —60.67 130 1.6
Deception Island Crater Lake 2006-2015 Yes Yes —62.98 —60.72 85 45
Livingston Island Limnopolar Lake 2009-2015 Yes No —62.65 —60.11 80 13
King George Island Bellingshausen 2006-2015° Yes No —62.19 —58.98 18 9.5°
James Ross Island J. G. Mendel 2012-2015 Yes Yes —63.8 —57.88 10 20
James Ross Island Rink Point 2006-2014 No Yes —63.90 —58.22 400 1.0
East Antarctica Enderby Land Molodyozhnaya 2008-2015 Yes No —67.66 —45.86 26 1.0°
Queen Maud Land Novolazarevskaya 2010-2015% Yes No —70.46 11.47 94 3.0°
Queen Maud Land Vesleskarvet 2009-2014 No No —71.69 —2.84 805 0.6
Queen Maud Land Flarjuven 2008-2015 No No —72.01 -3.39 1220 0.6
Quenn Maud Land Trol 2007-2015 No No —72.01 253 1320 20
Vestfold Hills Progress 2008-2015 Yes No —69.24 76.2 90 32
Victoria Land McMurdo Scott Base 2006-2015 No No —77.85 166.76 38 12
McMurdo Dry Valleys Wright Valley 2006-2015 No Yes —77.52 161.87 150 1.2
McMurdo Dry Valleys Mount Fleming 2006-2015 No No —77.55 160.29 1700 1.0
Wood Bay Baker Rocks 2006-2015 No Yes —74.21 164.83 1 1.6

Note: Cont., continuous temperature data series in period 2006-2015; NA, not available.

Data of MAAT was completed from READER database.

POutside CALM-S grid, drilled in bedrock
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Figure 1. Localization of study sites across Antarctica continent. The ice-free regions are marked with
black, the glaciers by gray color.

Guglielmin et al., 2011, 2014; Ramos, Hassler, Vieira, Hauck, & Gruber, 2009) or using
sensors directly placed in the soil profile (e.g. Adlam et al., 2010; Raffi & Stenni, 2011;
Michel et al., 2012; Hrbacek, Laska, et al., 2016; Kotzé & Meiklejohn, 2017). Near-surface
ground temperature data are available from the majority of the study sites (Table 2). One
of the main inconsistencies is in the position of the near-surface thermistor. Despite the
effort carried out by the ‘Antarctic Permafrost, Soils and Periglacial Environments’
(ANTPAS) group, which was approved as a core project of International Permafrost Associ-
ation for Antarctic research, the proposed protocols for ground thermal monitoring have not
been fully implemented yet. Currently, there are differences between sites with regard to the
sensor depths in the ground as well as the height of air temperature measurement, accuracy
of thermistors and measurement intervals. The near-surface thermistor is recommended to
be placed at 2 cm (Guglielmin, 2006); however, it has been placed at depths of between 1 and
5 cm. Also, given the uneven nature of many Antarctic surface pavements, accurate determi-
nation of shallow depths is difficult. Similarly, the position of thermistors in the lower parts
of profiles, or boreholes depth used, tends to be specific for each site depending on variables
such as the ALT, soil texture or drill depth.
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Table 2. Characteristics of MAAT and MAGT (2-5 cm depth) and mean probed thaw depth (MPTD) and
mean active layer thickness (MALT) in the different study sites during the period 2006-2015.

Region Locality Site Period MAAT  MAGT  MPTD MALT
Antarctic Peninsula  Deception Island Collado Irizar 2009-2015 -3.1 =22 54 85
Deception Island Crater Lake 2006-2015 -2.8 -1.6 29 45
Livingston Island Limnopolar Lake 2009-2015 =25 -0.7 30 >130
King George Island  Bellingshausen 2006-2015 =23 -0.6 60 3007
James Ross Island Johann Gregor Mendel ~ 2012-2015 -7.0 -57 74 60°-85°
James Ross Island Rink Point 2006-2014 -8.2 -7.0 NA 60
East Antarctica Enderby Land Molodyozhnaya 2008-2015 -11.0 NA 65 >100%
Queen Maud Land  Novolazarevskaya 2010-2015 -103  —10.1 73 100%
Queen Maud Land  Vesleskarvet 2009-2014 -159 -16.1 NA 16
Queen Maud Land  Flarjuven 2008-2015 —-17.9 =175 NA 23
Quenn Maud Land  Troll 2007-2015 -17.8 174 NA 17
Vestfold Hills Progress 2008-2015 —10.0 -94 80 80
Victoria Land McMurdo Scott Base 2006-2015 —-17.8 —16.1 NA 37
McMurdo Wright Valley 2006-2015 —19.1 —187 NA 51
McMurdo Mount Fleming 2006-2015 —240 -233 NA 7
Wood Bay Baker Rocks 2006-2015 —-157 —156 NA 40

Note: NA, not available.

?Borehole outside CALM-S in bedrock.
bJohann Gregor Mendel - profile 1.
Johann Gregor Mendel - profile 2.

Data

In this study, we examine MAAT and MAGT recorded during the period 2005-2016. To
obtain the most consistent datasets, MAAT from several localities included in the Reference
Antarctic Data for Environmental Research database (READER, 2017) were used to cover
the whole period 2006-2015 (Table 1).

Active layer thaw depth measurements were obtained from eight sites, including the
CALM-S grid. Thawing depth represents the mean value from all probed measurements
within each CALM-S site. On every site, probing was undertaken during the first half of Feb-
ruary each year. No CALM-S sites were not analyzed in higher elevated areas of Eastern Ant-
arctica and area of Victoria Land.

For all study sites, the ALT was numerically determined as the maximum annual depth of
the 0°C isotherm using interpolation of maximum seasonal ground temperatures from the
two deepest temperature measurements following Guglielmin (2006), the annual variability
was analyzed in sites without the CALM-S grid.

Results
Northern Antarctic Peninsula

The north-western part of the Antarctic Peninsula region is the warmest part of Antarctica.
The MAAT in this region varied between —2.0°C and —3.0°C for the period 2006-2015. In
the colder north-eastern Antarctic Peninsula, represented by two sites on James Ross Island,
the MAAT ranged around —7°C to —8 °C (Figure 2). Considerably higher MAAT in the
western part of Antarctic Peninsula resulted in near-surface MAGT close to 0°C in King
George (—0.6°C) and Livingston islands —0.7°C), and lower in Deception Island (—1.6°C
to —2.2°C).

The mean thaw depth at CALM-S sites in the western Antarctic Peninsula varied from
29 cm on Deception Island - Crater Lake (2006-2016) to 60 cm on King George Island -
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Figure 2. MAAT in particular regions of Antarctica.

Bellingshausen (2008-2016) (Table 2). The annual maximum mean active layer depth
ranged from 36 cm on Deception Island - Crater Lake (2006) to 86 cm on King
George Island (2009). In 2009, the greatest thaw depths were observed, on Deception
Island, at Irizar (67 cm) and at Livingston Island (47 cm). At all sites in the western Ant-
arctic Peninsula, a progressive decrease in ALT started in 2009 and persisted until 2015
(Figure 3). The only CALM-S site in the eastern Antarctica Peninsula is located on James
Ross Island, where measurements started in 2014. Mean thaw depth for the period 2014-
2016 reported 74 cm, varying between 66 cm (2014) and 78 cm (2015) (Figure 3).
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Figure 3. Active layer thaw depth measured on CALM-S sites in Antarctic Peninsula and Eastern Antarctica
regions.

In the South Shetlands, the ALT regularly exceeded 130 cm at the Limnopolar site (Living-
ston Island) during the period 2009-2016 (Table 2). The deepest ALT observed in the vicin-
ity of Bellingshausen was 300 cm; however, the borehole is located in bedrock. Deception
Island’s lower ALTs are attributed to porous pumice lapilli cover in Crater Lake (40-
50 cm) and to mixed volcanic ash and pyroclastic deposits, without the lapilli cover at
Irizar (70 cm). Despite cooler MAAT on the eastern side of the Antarctic Peninsula, the
ALT on James Ross Island was similar to values of Deception Island ranging from 60 to
85cm in two ground temperature measurement profiles located at the CALM-S ].G.
Mendel site. An ALT between 40 and 75 cm was observed at the higher altitude Rink
Point site (400 m, Table 2).

Eastern Antarctica

Eastern Antarctica represents the largest part of the continent and therefore a large variability
can be expected in this region in terms of air and ground temperatures. Two main ice-free
environments are found within this region: (a) the low-altitude coastal areas and (b) the
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interior with high mountains and plateaus. The MAAT in maritime environments in Eastern
Antarctica varied between —11°C and —9°C for the period 2006-2015, while at higher alti-
tudes it ranged from —18°C to —16°C (Figure 2). The MAGT showed similar values as
MAAT in coastal zones (ci. —10°C), while it decreased to —17.5°C to —16°C in higher areas.

Thaw depth measurements from the three CALM-S sites located in the coastal zone in
Enderby Land, Vestfold Hills and Queen Maud Land (Table 1 and Figure 1) show discon-
tinuous data for the period 2008-2015 (Figure 2). Mean thaw depth varied between 58
and 75 cm in Molodyozhnaya (2012-2015), while slightly thicker mean thaw depths were
recorded during four seasons between 2008 and 2015 in Progress (61-85 cm, Figure 3).
The only continuous measurement of thaw depth is from Novolazarevskaya, where mean
thaw depth reached 81 cm, ranging from 67 to 89 cm (2010-2015). At this site, thaw
depth gradually increased from 2010 (67 cm) to 2013 (89 cm) (Figure 3).

Shallow borehole temperatures from the low-altitude coastal regions showed that the ALT
regularly exceeded 100 cm at the Molodyozhnaya and Progress stations, with a maximum
depth exceeding 120-130 cm. A thinner ALT of around 70-90 cm was observed in Novola-
zarevskaya. A much thinner active layer was observed at the high altitude sites of Queen
Maud Land, where the mean ALT varied from 10 to 17 cm at Vesleskarvet to 13-26 cm at
Flarjuven (Figure 4 and Table 2).

Victoria Land

The Dry Valleys in Victoria Land are the largest continuous ice-free area in Antarctica.
Although the region includes both coastal and mountain environments, the climate is dry
polar-continental. In the Dry Valleys region, air temperature was measured along a transect
from near sea level at Scott Base to 1700 m altitude at Mount Fleming. MAAT for the period
2006-2015 decreased with altitude from —17.8°C at Scott Base to —24.0°C at Mount Fleming
(Table 2). A higher MAAT of —15.7°C was observed at about 3.3° latitude further north, near
the coast of Wood Bay, at Baker Rocks (11 m altitude, Figure 2). The MAGT was 1.6°C higher
than MAAT on Scott Base, while in other sites varied between 0.1°C (Bakers Rocks) and 0.7°C
(Mount Fleming).

Mean ALT in the Dry Valleys varied between 7 cm (Mount Fleming) and 51 cm (Wright
Valley). ALT did not follow the same pattern as MAAT and it did not correlate strictly with
elevation. In general, ALT varied between 34 and 39 cm at low-altitude Scott Base, 44 and
56 cm at Wright Valley and 3-16 cm at the highest altitude Mount Fleming (Figure 4).
The ALT at Baker Rocks in Victoria Land was between 40 and 50 cm (Table 2).

Discussion
Climate

Air temperatures showed significant regional differences within the study areas. In the
western Antarctic Peninsula region, Vestfold Hills and northern Victoria Land, a slight air
temperature cooling was detected, while at other sites in Victoria Land and East Antarctica
the air temperature was more irregular, showing no strong overall trend of warming or
cooling during the study period (Figure 2). The Antarctic Peninsula region has been reported
as the most rapidly warming part of Antarctica (e.g. Turner et al., 2005, 2014), but cooling
has been reported since 2000 (Turner et al., 2016). Relatively stable air temperature con-
ditions during the past 20 years were reported in Victoria Land (Guglielmin & Cannone,
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Figure 4. ALT in sites in Eastern Antarctica (A) and Victoria Land (B).

2012). MAGTs from 2006 to 2015 showed a spatial pattern similar to the ones identified by
Vieira et al. (2010), with temperatures close to 0°C (approximately —0.5°C to —2.5°C) in
north-western Antarctic Peninsula to values below —17°C in high altitude environments
in Eastern Antarctica and Victoria Land.

Variability of thaw depth probing on CALM-S sites

Monitored thaw depths on CALM-S sites showed large differences between the studied
localities. Some of the thinnest thaw depths (<50 cm) were observed in the western Antarctic
Peninsula region (Table 2), although it is the warmest area in Antarctica (Turner et al., 2014).
Significantly, thicker thaw depths were observed in the colder regions of the eastern Antarctic
Peninsula and the coastal zone of East Antarctica. The general pattern suggests that factors
other than regional climate should be considered when examining the ground thermal regime
(e.g. Hrbacek, 2016). Between 2009 and 2014, substantial active layer thinning was observed
at all sites in the western Antarctic Peninsula. The thinning was attributed to climate cooling
in the region (Oliva, Navarro, et al., 2017; Turner et al., 2016) and changes in snow cover



POLAR GEOGRAPHY e 227

accumulation, as well as snow persistence during the summer, reducing active layer thaw (de
Pablo et al., 2017). In contrast, pronounced active layer thickening between 2010 and 2013
was recorded at Novolazarevskaya in coastal East Antarctica (Figure 3).

The ALT data (Table 2) show that the mean thaw depths measured in CALM-S sites were
smaller than the ALT at the same sites. There are two possible explanations for these differ-
ences. One of the most important factors causing lower reported thawing depth, compared to
ALT, has been the date of probing, which is generally not coincident with the maximum thaw
depth. For instance, measurements in the South Shetland Islands have generally been under-
taken during the first week of February (e.g. de Pablo et al., 2013; Ramos et al., 2017) while
the maximum ALT usually occurs in late February or March in this area (e.g. de Pablo et al,,
2014; Goyanes, Vieira, Caselli, Cardoso, et al., 2014; Oliva, Hrbacek, et al., 2017). The most
pronounced differences between thaw depth and ALT have been observed at Livingston
Island (CALM-S Limnopolar), where the mean thaw depth calculated from all thaw depth
measurements was less than 50 cm, while the ALT exceeded 130 cm in every year (de
Pablo et al., 2013, 2014).

Other factors influencing mean thaw depths are specific for individual sites and frequently
related to the fact that the reported depth is an average from the measurements within the
CALM.grid. Snow, vegetation cover and soil thermal properties are the most important
factors causing local decreasing of the ALT. Irregular snow deposition and seasonal duration
reduces thaw depth in parts of the grid with snow cover during summer (e.g. de Pablo et al.,
2013; Guglielmin, 2006). Moreover, snow cover duration was prolonged in the South Shet-
land Islands during the summers 2013-2016 and correlated with pronounced thinning of
thaw depth (de Pablo et al., 2017; Ramos et al., 2017) and has even prevented probing the
whole CALM grid and even delayed the measures. Studies on vegetation covering the
CALM-S sites are limited to northern Victoria Land, where vegetation, when present,
shows an insulating effect (Guglielmin, Worland, et al., 2014). On bare ground and snow-
free areas, thaw depth differences within a study site are mainly related to lithological varia-
bility of the ground (Hrbacek, Nyvlt, & Laska, 2017).

Thaw depth measurements showed that probing is a useful and simple tool to study spatial
variability of thaw depth (e.g. Vieira et al., 2010; de Pablo et al., 2013; Ramos et al., 2017).
Moreover, as Hrbacek, Knazkova, et al. (2017) showed, multiple measurements during
summer and potential calculation of the maximum thaw depth according to thawing propa-
gation of the 0°C isotherm, as recommended by Brown et al. (2000), could provide a means
to minimize the differences between mean values of probed thaw depth and maximum ALT.
Multiple measurements could be important due to the considerable interannual variability of
the date of maximum ALT in Antarctica, which can vary by several weeks (e.g. Adlam et al.,
2010; de Pablo et al.,, 2014; Hrbacek, Nyvlt, et al., 2017).

ALT variability

Unlike thaw depth, the ALT, measured using temperature data, was greatest in the western
Antarctic Peninsula region. Our results are consistent with other observations from the
South Shetland Islands, with the ALT usually exceeding 100 cm in loamy soils (e.g. de
Pablo et al.,, 2013; Michel et al., 2012; Oliva, Navarro, et al., 2017). However at Deception
Island, where the ALT is impacted by the porous nature of the pyroclastic volcanic material
and high soil moisture, which increases the amount of heat necessary for water phase change,
the ALT reached only 30-50 cm at Crater Lake under pumice lapilli (Ramos et al., 2017) and
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50-70 cm at the Irizar site under finer tephras (Goyanes, Vieira, Caselli, Cardoso, et al.,
2014). The deepest ALT (>300 cm) was observed in bedrock in the vicinity of Bellingshausen
site, which corresponds to other observations in bedrock in other sites across western Ant-
arctic Peninsula region where the ALT usually exceeded 150 cm (Ramos and Vieira, 2009;
Correia et al., 2012; Guglielmin, Worland, et al., 2014). In the eastern Antarctic Peninsula
and coastal Eastern Antarctica, where MAAT ranged between —7°C and —10°C at sea
level, the active layer has been generally thinner, with 50-100 cm (Bockheim et al., 2013;
Hrbacek, Laska, et al., 2016; Hrbacek, Knazkovd, et al., 2017). Maximum ALT in both the
eastern Antarctic Peninsula and East Antarctica usually reached between 100 and 120 cm
(e.g. Bockheim, 2015; Hrbacek, Knazkova, et al., 2017; Mergelov, 2014).

Generally, the thinnest ALT in Antarctica was observed in the high altitude areas of
Eastern Antarctica in Queen Maud Land where ALT reached about 15-25 cm (e.g. Kotzé
& Meiklejohn, 2017) and in Victoria Land with mean ALT of around 30 cm, rarely exceeding
50 cm. Of all the study sites reported here, the minimum ALT was observed at the highest
altitude monitoring site, Mount Fleming, in the Dry Valleys region, where the ALT varied
between 2 and 15 cm during the period 1999-2006 (Adlam et al., 2010) and between 3
and 16 cm between 2006 and 2015. Due to the low air temperatures during summer and
lack of vegetation or snow cover, an important factor affecting ALT in the cold environment
of Victoria Land is varying solar radiation, which was found to be an important influence on
active layer summer thawing (Adlam et al., 2010; Guglielmin, Worland, et al., 2014).

Conclusions

In this work, we examine MAAT and MAGT, ALT and thawing depth in multiple sites
across Maritime and Continental Antarctica between 2006 and 2015. This synthesis provides
the first characterization of the state of the active layer state in Antarctica since the Inter-
national Polar Year 2007-2009. The most detailed and consistent information on active
layer thermal regime, thickness and thaw depth is from the Antarctic Peninsula and Victoria
Land, two climatically contrasting regions of Antarctica. Data from coastal and mountainous
parts of Eastern Antarctica are still limited to a few sites and time series are frequently
discontinuous.

The monitored sites cover a range of environments from maritime, low-altitude sites on
the Antarctic Peninsula, to higher altitude continental sites in the McMurdo Dry Valleys in
Victoria Land. MAAT ranged from —2.5°C to —24.0°C and active layer depths in soil from
7 cm to more than 130 cm. There was a marked interannual variability, with further moni-
toring still needed to identify trends.

The CALM-S protocol for grid probing to determine depth of thaw and active layer
measurements using temperature data logging has generated an important dataset that
allowed to better characterize the ground thermal regime and thaw depth variability in Ant-
arctica. CALM-S grids provide spatially distributed thaw depth measures and thus provide a
solid approach reflecting soil heterogeneity, water content changes and topography. In some
areas, there were large differences between the probed thaw depth and thermally defined ALT
inferred from ground temperature measurements in boreholes. Probing generally underesti-
mated the maximum ALT, likely due to stones impeding probing, or to the timing of probing
not coinciding with the time of maximum thaw.

For a better understanding of active layer spatial variability in Antarctica, more detailed
studies from individual CALM-S sites are needed. To date, research on thaw depth spatial
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distribution has been published from only four sites in the Antarctic Peninsula and the South
Orkneys and from one site in Victoria Land. This number is clearly insufficient considering
that the total number of CALM-S sites was reported as 28 in Vieira et al. (2010), although the
total number of currently active sites is likely to be around 15. As such, one of the main
efforts of ANTPAS should be coordinating observations and urge results to be published,
especially those from outside the Antarctic Peninsula and Victoria Land. Improving and
standardization of measurement methods are also needed at some sites. Repeated probing,
in combination with multiple temperature-depth monitoring, inside CALM-S grids will sig-
nificantly improve the results from CALM-S sites and their potential to serve the wider
science community and stakeholders.
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ARTICLE INFO ABSTRACT
Keywords: Ice-free areas occupy <0.5% of Antarctica and are unevenly distributed across the continent. Terrestrial
Ground thermal regime ecosystem dynamics in ice free areas are strongly influenced by permafrost and the associated active layer. These

Active layer thickness
Climate change
Antarctic ice-free environment

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
Cryosols the most important results of the International Polar Year (IPY, 2007/08) was an increase in ground thermal
Gelisols regime monitoring sites, and consequently our knowledge of Antarctic permafrost dynamics. Now, 15 years after
Permafrost 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. (R? = 0.9) and the active layer thickness 3.7 cm/deg. (R? = 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.
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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 km? (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 km?) and nunataks, up to
large oases (> 100 km?) 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-Fernandez et al.,
2019; Oliva and Ruiz-Fernandez, 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; Hrbacek et al., 2021a), lithological conditions
(Hrbacek 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; Hrbacek 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; Hrbacek 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).

Earth-Science Reviews 242 (2023) 104458

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 km?. Note, that the selected
resolution significantly affects the total extension. For example, the ice-
free areas on medium resolution cover more than 70,000 km? 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 (Hrbacek 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.
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Table 1
Overview of study areas.
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Region Sub-region Ice-free area (km?) ACBR' MAAT? (°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 26,480 8
Transantarctic Mountains
Sub-Antarctic Islands South Orkneys 167 2 -3.1 Orcadas
Other Islands n/a n/a 0-9 Marion Island
! Antarctic Conservation Biogeographic Regions defined by Terauds and Lee (2016).
2 Mean Annual Air Temperature *1980-1990.
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Fig. 1. The spatial distribution, and the number, of studies focused on active layer, or permafrost, thermal regime conducted in Antarctica since 2011.

- 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 2
Selected characteristics of the sites in the South Shetland Island region.
Area Study site Study period  Profiles  Profile MAAT' MASGT? MAPT® ALT TDD FDD thawing n-  freezing n-  Reference
Depth Q) Q) Q) (cm) (°C-day) (°C-day) factor factor
(cm)
King George Fildes Peninsula (Brazilian 2008-2012 1 85 -2 -1.2(-0.3 -1.1 89 to ca 200 to —527 to Michel et al., 2012, 2014
Island sites) to —1.7) 102.5 250 —819
Fildes Peninsula 2008-2016 1 500 —-2.3 —-0.6 -0.7 60" / Obu et al., 2020; Osokin
(Bellingshausen) 300 et al., 2020, Hrbacek et al.,
2021a, 2021b
Lion Rumps 4/2009-1/ 2 80 -3 —-0.9to —0.9to 120 to ca0.4tol Almeida et al., 2014
2011 -1.9 -1.8 147
Low Head 3/2011-12/ 1 100 -3.1 -1.5 -1.5 98 to 282 to —715 to Almeida et al., 2017
2015 106 438 —1061
Potter Peninsula 2/2008-1/ 1 90 -0.9 -0.9 92 281 —532 Michel et al., 2012
2009
Keller Peninsula 2011-2014 2 80 —2.9to —-1.7 to Chaves et al., 2017
—4.8 -2.8
Keller Peninsula 12/10-1/11 5 30 45 to 70 Lee et al., 2016
Livingston Limnopolar Lake 2009-2018 1 130 —-1.7 to —0.3 to 50%/150 36 to 290 —261 to de Pablo et al., 2013, 2014,
Island —-3.2 -1.4 —664 2016, 2018
Domo, Escondido and Cerro 2/2014-1/ 3 80 —2.6 to —0.7 to 85 to 76 to 134 —311 to - 0.11 to Hrbacek et al., 2016a, Oliva
Negro Lakes 2015 —2.7 -1.3 115 -577 0.64 et al., 2017a, 2017b
Rotsch Glacier Transect 2/2017-2/ 10 40 —2.1 Oto—1.3 102 183 to —241 to 1.5 to 2.63 0.27 to Hrbéacek et al., 2020b
2019 321 —682 0.76
1/2015 1) 40 90 to Correia et al., 2017
150
Mount Reina Sofia (PG1, 2008-2015 2 110; 25 m —29to 20 to Correia et al., 2012; Ramos
PG2) —-6.5 500 et al., 2020
Hurd Peninsula (PAP, 2007; 2009 7 400 to 800 —0.8 to 100 to 145 to —294 to 0.76 to 0.43 to Ferreira et al., 2017
CALM, SH, CR, MET, INC, -1.8 >600 318 —1042 10.95 0.80
NI
Deception Port Foster 2011 2 80 -2.6 Oto -1 Goyanes et al., 2014
Island
Crater Lake CALM-S 2006-2014 1 100 to 450 -3 -1.7 23-36 ! Ramos et al., 2017
Other areas Coppermine Peninsula 2014-2016 2 ca —1.5to cal0to ca —500 to Thomazini et al., 2020
(Robert Island) -2 70 —700

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

" Probing measurement.
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Table 3
Selected characteristics of sites in the Western Antarctic Peninsula region.
Area Study Study Profiles  Profile MAAT'  MASGT>  MAPT®  ALT TDD FDD thawing freezing Reference
site period Depth cQ Q) (cm) (°C-day) (°C-day) n-factor n-factor
(cm)
Western Amesler 8 160 to —0.7 to cal 186 to Wilhelm et al.,
AP Island 1400 -1.9 to 307 2015; Wilhelm
17* and Bockheim,
2016, 2017; Uxa,
2016
Rothera 2/ 3 30 m -3 —2.7 to —1.5to 65 to 186 to —1143 Guglielmin et al.,
2009-2/ —4.6 —4.8 140 618 to 2014b
2012 cm -1731
Cierva 1 160 Wilhelm and
Cove Bockheim, 2017

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

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 km?, of which only ca. 9500 km?
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 km? 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 (O 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 (Banon 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 (Lopez-Marti-
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; Lopez-Martinez 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-Fernandez 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 km?. The ice-free surfaces
occupy ca. 190 km? of the island, mainly concentrated in several pen-
insulas, including; Fildes (30 kmz), Keller (10 km?) and Barton

peninsulas (10 km?). 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; Hrbacek 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 (Hrbacek 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 (Hrbacek
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
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Table 6

Selected characteristics of the sites in East Antarctica region.

Reference

freezing n-
factor

thawing n-
factor

FDD

TDD

ALT

MAPT®

()]

MASGT?

(9]

MAAT!

(]

Profile

Profiles

Study

Study site

Area

(°C-day)

(°C-day)

(cm)

Depth
(cm)

period

Hansen et al., 2013

*-2.2to —27.8 (= —15)?

Vesleskarvet nunatak 2009-2012 1 (20 sample points)
(Setting)

Queen

Maud
Land

Kotzé and Meiklejohn,
2017, Hrbacek et al.,
2021a, 2021b

1.00-1.02

—5448 to —5933

14 to 20

cm

—16.1

—159to
—18.5

1 60 cm

2009-2013

Vesleskarvet nunatak

(near-surface); —6404

to —7214

Hrbacek et al., 2021a,

2021b

23(13to
26)

-17.9 -17.5

1 60 cm

2008-2015

Flarjuven

Hrbacek et al., 2021a,

2021b

13 (10to
15)

-17.4

200 cm -17.4

1

2007-2015

Troll

Hrbacek et al., 2021a,

2021b

100 cm

-10.1

-10.3

Novolazarevskaya

Mergelov, 2014

83 £ 14 cm (max

110)

-8.4

*-9.8 to
-10.2

4

1/2010

Vestfold Hills and

Prydz Bay

Larsemann Hills oases

(Objects)
11

Hrbacek et al., 2021a,

2021b

65 to

100 cm —

1

2008-2015

Molodyozhnaya

Enderby

>100 cm

Land

! Mean annual air temperature.

2 Mean annual near-surface ground temperature.

3 Mean annual temperature of the permafrost table.
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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 km?)
and formed after the last deglaciation in the Holocene (e.g., Oliva et al.,
2016), starting about 5000-4000 years BP (Bjorck 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; Banon 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 (Banon 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 Lopez-Martinez, 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; Lopez-Marti-
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



Table 7

Selected characteristics of the sites in Victoria Land region.

Area Study site Study period  Profiles  Profile MAAT' MASGT* MAPT® ALT TDD FDD thawing freezing Reference
Depth [{O)] (O] Q) (cm) (°C-day) (°C-day) n-factor n-factor
(cm)
Dry Valleys Granite Harbour 2003-2018 1 90 -16 -14 -14 89 cm (82 to Adlam et al., 2010; Seybold
(—14.8 to (—13.1 to (-12.9 to >90 cm) et al., 2010; Hrbacek et al.,
-17.8) -16.3) —14.5) 2021a, 2021b; Carshalton
et al., 2022
Marble Point 1999-2018 1 120 -18 —-17 49 cm Adlam et al., 2010; Seybold
(-16.0 to et al., 2010; Guglielmin et al.,
-18.7) 2011; Hrbacek 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; Hrbacek 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; Hrbacek et al.,
2021a, 2021b; Carshalton
et al., 2022
Bull Pass East (Wright 2012-2018 1 120 - - Adlam et al., 2010; Seybold
Valley — North) et al., 2010; Hrbacek et al.,
2021a, 2021b; Carshalton
et al., 2022
Wright Valley — South 2011-2018 1 120 -17 -17 Adlam et al., 2010; Seybold
wall et al., 2010; Hrbacek 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; Hrbacek et al., 2021a,
2021b; Carshalton et al., 2022
Scott Base 1999-2018 1 120 -17 -16 Adlam et al., 2010; Seybold
et al., 2010; Hrbacek et al.,
2021a, 2021b; Carshalton
et al., 2022
Victoria Valley 1999-2018 1 120 -23 -23 Adlam et al., 2010; Seybold
et al., 2010; Hrbacek et al.,
2021a, 2021b; Carshalton
et al., 2022
Beacon Valley 2001-2012 1 —21.6 + — —21.4 + — Lacelle et al., 2016; Liu et al.,
0.7 0.8 2018
University Valley 2015-2016 1 ca. -23 °C Lacelle et al., 2016
Wormbherder Creek 2010-2012 1 —-23.4 + —26 + Fisher et al., 2016
wetland 8.3°C 10.6 °C
(2010)
Taylor Valley 1 -18 ~10-60 cm ( Levy et al., 2011
(Doran Bockheim
et al. et al., 2007)
2002)
Northern Boulder Clay 1997-2012 1 —13.8 —16.1 24.5 (6 to 30 Guglielmin et al., 2012;
Victoria (—12.7 to (—14.6 to cm) Cannone et al., 2021
Land —15.3) -18.4)
Prior Island, Boulder 2000 (2002) 4 —12.5to —0.3t0 7.8 2to 18 cm 39 to Guglielmin et al., 2014a,
Clay MZS, Edmonson -2013 -15.3 (max 23 to 92 370.1 2014b
Point, Apostrophe cm)
Island
Edmonson Point 2015-2016 1(3) —16.4 to —13.5to 23 to 40 cm 110.8 to —5164.5 to 10.83 to 0.92 to Hrbécek et al., 2020a
-16.6 —15.8 702.6 —5940.2 52.23 0.99
(GT) (GD)

! Mean annual air temperature.

2 Mean annual near-surface ground temperature.

3 Mean annual temperature of the permafrost table.
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Table 8

Selected characteristics of the sites in Sub-Antarctic Islands region.

Reference

freezing n-
factor

thawing n-
factor

TDD FDD

ALT

MAPT®

Profile Depth ~ MAAT' MASGT”
Q) (@] (O]

(cm)

Profiles

Study site  Study period

Area

(Cday)  (°C-day)

(cm)

Guglielmin et al., 2012; Hrbacek

2.16 to 2.29 0.77 to 0.78
et al., 2020a

—1074 to
—1453

231 to
538

124 to
185

-1.9to
-2.9
—2.0 to

-2.5

—-3.4t0
—4.2

250

2006-2009, 3/
2015-2/2017

2006-2009

BG1

Signy

Island

Imin et al., 2012

] =} =l
Yo P oo
NO O MO VO
Ne= O MmN
TTETNT

125 to
385

83 to
163

90

BG2

Guglielmin et al., 2012

215 to
449

95 to

108

-1.6 to
-2.5
—-1.7 to
-3.0
0.6-4.6

90

2006-2009

Andreaea

Guglielmin et al., 2012; Hrbacek

0.54 to 0.69
et al., 2020a

0.29 to 0.55

29 to 413

55 to
123

60

2006-2009, 3/
2015-2/2017

2015

Sanionia

Nel et al., 2021, Hansen, 2018 for

MASGT, TDD, FDD

Forte et al.,

n
o)}
—

|
]
=
[Te}
T

392 to
499

none

0.5-5.5

Marion Island (PEIs)

2016

none

3.8t06
3to8
2to9

2015; 2017

2007
2006

Campbell Islands
Crozet Islands

()
=)
S
a

Leihy et al., 2018

none

Kerguelen Island

! Mean annual air temperature.

2 Mean annual near-surface ground temperature.

3 Mean annual temperature of the permafrost table.
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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; Lopez-Martinez et al., 1996, Lopez-Martinez 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 x 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 (Hrbacek et al., 2016a; Oliva
etal., 2017a), and 9 shallow measurement pits (10 cm) were installed in
a transect from Rotch Dome towards the sea (Hrbacek 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 (Hrbacek
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; Hrbacek 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
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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; Lopez-Martinez
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 (Banon
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).

10

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
etal., 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
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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 x 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
(Lopez-Martinez 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 x 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
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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 atlrizar 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 (O
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 x 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
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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-Fernandez,
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 km? of total ice-free surface extent), Seymour
Island (ca. 80 krnz), or Vega Island (ca. 70 kmz). The ice-free areas south
of 65°S are comparatively smaller (< 5 km?) 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-Fernandez 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
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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-Fernandez 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 km?), 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. Hrbacek et al., 2019; Hrbacek 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 Pastirikova 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 (Hrbacek 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. Hrbacek 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 (Hrbacek et al., 2016b, 2017b; Hrbacek
et al., 2020a; Hrbacek and Uxa, 2020) and incoming radiation (Hrbacek
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. Hrbacek 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.
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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
(Hrbacek et al., 2017b; Hrbacek 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 m?) 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 (Hrbacek 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
(Hrbacek et al., 2016a, 2016b; Knazkova 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. Elisworth 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
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permafrost is present. McKay et al. (2019) observed the depth of the ice
table to be between 10 and 45 c¢m 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 km?, 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 km?) and MacRobertson Land (ca. 5000
km?2). 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
etal., 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, Flarjuven, 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, Flarjuven, Valter-
kulten, Slettfjell, Schumacherfjellet, Grunehogna, Robertskollen and
Vesleskarvet). Boreholes were installed on the Fossilryggen and Svea
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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).
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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 (Hrbacek 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 km? (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
km? (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-
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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.,
20105 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.
1.) 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.
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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), Hrbacek 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.
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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; Hrbacek 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
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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.1., 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
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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 km?. 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; Hrbacek et al., 2020a, 2020b). MAGT varied between —11.4 and
—14.7 °C. Surface TDD varied from 534 to 804 °C-day year !, producing
an n-factor for thawing of between 40.4 and 101. Surface FDD range
between —4982 and — 5940 °C-day year ', 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 km? 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
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(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; Hrbacek
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
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under bare ground where water is more easily drained (Guglielmin and
Cannone, 2012; Hrbacek 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
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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 (R? = 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-
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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 Pastirikova 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 °Cin
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. (R% = 0.64; P < 0.05). Similarly, to the latitudinal
pattern, we found a strong and significant relationship R? = 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
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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
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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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Table 9
The temporal variability of active layer thickness (ALT) on the selected sites.

Site description Monitoring Mean Variation Trend

period ALT index*

Eastern Antarctic 10 years 60 cm 11% +1.2 ecm/yr
Peninsula; James (2011-2020)
Ross Island, Johann
Gregor Mendel

South Shetlands, 9 years 37.5 17% —1 ecm/yr
Deception Island, cm (2006-2014)
CALM-S Crater Lake?

South Shetlands, 12 years 41 29% +0.4 cm/yr
Livingston Island, cm (2009-2020)
Limnopolar Lake 3

South Shetlands, King 10 years 62.5 37% 0 cm/yr
George Island, cm (2008-2019)
CALM-S
Bellingshausen*

East Antarctica, 9 years 82 12% +2.7 em/yr
Schirmacher Oasis* cm (2009-2018)

Victoria Land, Ross Sea 13 years 49 cm 16% —0.5 cm/yr
region, Marble (2006-2018)
Point®

Victoria Land, Ross Sea 13 years 23 cm 9% —0.05 cm/yr
region, Victoria (2006-2018)
Valley®

Victoria Land, Ross Sea 13 years 49 cm 11% —0.17 cm/yr
Region, Bull Pass® (2006-2018)

Victoria Land, Ross Sea 12 years 23 cm 5% +0.04 cm/yr
Region, Mina Bluff® (2006-2018)

Victoria Land, 7 years 30 cm 22% +1.75 ecm/yr

Northern Victoria
Boulder Clay®

(2006-2013)

" Calculated using equation in Hinkel and Nelson (2003) (mean ALT — max
ALT) / mean ALT.

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

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; Hrbacek 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 Pastirikova 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 (Hrbacek et al., 2017a,
2017b, 2021a). Relatively high thaw depth variability (ca. 75 to 105 cm)
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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 (Hrbacek 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; Hrbacek
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; Hrbacek 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 (Hrbacek 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; Hrbacek 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; Hrbacek 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
(Hrbacek 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 (Hrbacek 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
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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 (Hrbacek 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~! K! (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 ™! K™?
(Hrbacek et al., 2017b; Kaplan Pastirikova et al., 2023) and even lower
values, to 0.3 Wm ™! K~! 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; Knazkova 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-
Fernandez, 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;
Hrbacek 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 c¢m thicker
in bare ground conditions than under mosses (Hrbacek 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
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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
(Levyetal., 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 (Hrbacek et al., 2017a, 2017b), or a contrast between
vegetated and bare ground conditions (Cannone and Guglielmin, 2009;
Almeida et al., 2014; Hrbacek 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 O 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.
Hrbacek 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 Pastirikova 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.
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Table 10
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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

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 km?) 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
—2to —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; Hrbacek 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 (Hrbacek 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; Hrbacek et al., 2020b; Obu et al.,
2020; Kaplan Pastirikova 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; Hrbacek and Uxa, 2020; Hrbacek et al., 2020a; Kaplan
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Pastirikova et al., 2023) or ground thermal regime (Liu et al., 2018;
Wilostowski et al., 2018). The models reproduce active layer and
permafrost conditions at various temporal (e.g. Liu et al., 2018; Hrbacek
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
(Hrbacek 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 (Hrbacek
etal., 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
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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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