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Abstract

Research shows that the climate of Antarctica is changing and, it is vital that the change is monitored
to understand how it will affect global ecosystems. Since the International Polar Year (IPY) 2007-
2008, research in permafrost studies has grown. However, there are still existing gaps that impede
complete understanding of Antarctic cold environments and landscape processes. Permafrost has
been noted as one of the major controlling factors of the terrestrial ecosystem dynamics in
Antarctica. However, the understanding of Antarctic permafrost, when compared to other
cryospheric components, is limited, especially its thermal and physical properties, evolution, as well
as links to pedogenesis, hydrology, geomorphic dynamics, and responses to global change. This
project provided an understanding and insight to over-arching research that evaluates the state and
status of permafrost and the active layer in Dronning Maud Land (DML) through examining short-
term variations on ground thermal regimes. The main focus is on understanding the influence of

synoptic, diurnal and seasonal events on the active layer in 2016.

Analysis of available data shows that ground thermal regimes are influenced by variations in air
temperature, pressure, wind speed and to some extent, relative humidity. Subsequently, ground
thermal regimes also depend on soil physical characteristics including sediment particle size and bulk
density. Furthermore, sediment particle size and bulk density have been found to have a great
influence on thermal propagation rates as well as active layer depth; the higher the bulk density, the
higher the thermal propagation rate and the lower the bulk density, the lower the thermal
propagation rate. Conversely, a large proportion of bigger sediment particle size in soil corresponds
with a higher thermal propagation rate and a large proportion of smaller sediment particle size in
soil corresponds with a lower thermal propagation rate. Also, ground thermal regimes vary
according to seasons. Ground temperatures are more variable in summer, while air temperatures
are more variable in winter. The variability according to different seasons shows that the active layer
responds to seasonal climatic variations. Additionally, the active layer also responds to synoptic and

diurnal weather events.
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thermal propagation
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Chapter 1: Introduction

1.1. Background, Context, and Motivation

Antarctica is a continent that has not been greatly affected by human actions, and it, thus, serves as
an ideal place to conduct scientific research, particularly in the quest to understand global weather
and how the climate of our planet and that of neighbouring planets function (Simmonds et al., 2003;
Guglielmin, 2012). It is the continent with the largest extent of continuous permafrost, affecting an
area of 14 million km?, which amounts to about 10 % of the land surface of the Earth (Dobinski,
2011; Convey et al., 2009). Also, Antarctica has trapped in its ice sheet the largest global freshwater
reservoir, approximately 30 million km® in extent, which serves as an important global climate
regulator (Delaygue et al., 2000). In Polar Regions, specifically Antarctica, temperatures can remain
below 0 °C for the whole year (Cassano, 2013). Annual air temperatures range from 0 °C in summer
to -15 °C in winter in coastal regions, and -30 °C to -65 °C in continental/interior regions through
summer and winter respectively (Cassano, 2013). As a continent, it has been subject to cold climatic
conditions for approximately 34 million years. If the conditions were to change, as appears to be
happening with an apparent global warming trend, the environment would undergo significant
changes that might affect the rest of the planet (Turner et al., 2013). It is, therefore, imperative that

the environment of Antarctica is explored to determine the rate and nature of change.

Widespread interest exists in the cryospheric environment of Antarctica and how it is affected by
climate change (Ingvander et al., 2016). Published research supports the contention that the climate
of Antarctica is changing (Convey et al., 2009; Vieira et al., 2010; Turner et al., 2013). Most often
studies are conducted at a large scale, focusing on long-term changes/variations in environmental
conditions, and while such studies have their merits, short-term variations are often overlooked
(Convey et al., 2009; Turner et al., 2013; Williams and Smith, 1989). Short-term variations in
environmental conditions may hold the key to understanding large-scale phenomena. Even though
Antarctica is a polar continent, the climate varies considerably between continental and maritime
areas (Bolter et al., 2002). More attention is given to maritime Antarctica due to its fragility and
susceptibility to climate change, as well as ease of access (Michel et al., 2012). However, research on
continental Antarctica is just as important, because it can give us a measure of how the continent is

changing as a whole.

Continental Antarctica makes up most of the Continent with the largest land mass being East
Antarctica (Fig. 1). Antarctica comprises three main morphological zones: the high plateau, inland

slopes, and the coast, and is mostly covered by ice. Recently, the continent has been sub-divided



into 16 distinct biogeographical regions (Terauds and Lee, 2016). Mean temperatures in the
warmest month are below 0 °C, and annual precipitation is less than 20 cm (Bolter et al., 2002).
Most of continental Antarctica is underlain by continuous permafrost, including the snow-free
regions (Dobinski, 2011). However, the understanding of Antarctic permafrost compared with that of
other cryospheric components is limited because of its remote location (Tsukernik and Lynch, 2013).
Permafrost is defined as ground that remains below 0 °C for two consecutive years (Dobinski, 2011).
According to Vieira et al., (2010), permafrost is one of the major controlling factors of the terrestrial
ecosystem dynamics in Antarctica. The above is highly evident when considering Antarctic thermal
and physical properties, evolution and links to pedogenesis, the hydrology, geomorphic dynamics
and response to global change (Vieira et al., 2010). As permafrost is coupled to an active layer, the
two greatly influence each other (Fig. 2). However, they are also affected by external forces such as
atmospheric and topographic factors, which include air temperature, moisture, precipitation, snow
cover, aspect, slope angle and altitude, atmospheric pressure and solar radiation (Almeida et al.,

2014). In turn, these external forces affect the ecological and biogeographical zones differently.

Figure 1. The Antarctic Continent, showing East and West Antarctica (Source: Morano,

2014).
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Figure 2. A model defining the active layer and permafrost (Source: ADAPT, 2016)

The International Polar Year (IPY) that took place between 2007 and 2008 saw a growth in the
interest in permafrost studies in Antarctica. Historically, permafrost studies were reflected a
Northern Hemisphere dominance. The IPY sought to balance the situation by raising awareness and
promoting research “to increase the understanding of the environmental dynamics of the ice-free
areas of the Antarctic” through the Antarctic Permafrost, Periglacial Environments and Soils Expert
Group (ANTPAS) of the Scientific Committee on Antarctic Research (SCAR) and the Working Group of
the International Permafrost Association (IPA) (Guglielmin and Vieira, 2014: 1). Following the IPY,
specific top priority research questions were developed by the Antarctic and Southern Ocean
scientific community (Kennicutt et al., 2014). Vieira et al., (2010) noted that there were still gaps in
knowledge and research in permafrost and active layer monitoring efforts in most regions of

Antarctica, including Dronning Maud Land (DML).

In response to the envisaged goals of the IPY and Kennicutt et al., (2014), this project aims to provide
an understanding and insight into the over-arching question that seeks to evaluate the state and
status of permafrost and the active layer in DML through examining short-term variations in ground
thermal regimes. The main focus is on evaluating and understanding the influence of synoptic,

diurnal and seasonal events on the active layer during 2016.



1.2. Aim and Objectives

The aim of this research project is to use high-frequency data to determine the impact of seasonal,
synoptic and diurnal events on ground thermal regimes. Investigations follow the first SCAR
Antarctic and Southern Ocean Horizon Scan conducted by Kennicutt et al., (2014). The proposed
research creates a platform for answering the 39" and 42" guestions posed by Kennicutt et al.,

(2014: 7), namely:

39. “What are and have been the rates of geomorphic change in different Antarctic regions, and
what are the ages of preserved landscapes?” and
42. “How will permafrost, the active layer and water availability in Antarctic soils [...] change in a

warming climate, and what are the effects on ecosystems and biogeochemical cycles?”.

The question most pertinent to this project is Question 42, and the overall aim of the research

project will be achieved through the following key objectives:

1. To establish meteorological influences on air and ground thermal regimes.
2. To determine the extent to which meteorological point data measured at Vesleskarvet
(SANAE IV base) can be applied regionally to evaluate ground thermal regimes.

3. To determine the extent (depth) of meteorological events on ground thermal regimes.

1.3. Setting

Dronning Maud Land (DML) is on the Atlantic side of Antarctica, extends from 20° W and 45° E, and
is bordered by Coats Land in the west and Enderby Land in the east (Schlosser et al., 2008). It is
divided into three climatically and topographically different regions: the ice shelves, the escarpment
region and the Antarctic plateau (Reijmer and Oerlemans, 2002). DML is covered by an ice-sheet
with a small group of rock outcrops called nunataks, and enclosed by four coasts - Princess Martha,
Princess Astrid, Princess Ragnhild and Princess Harald (Cooper, 2006; SANAP, 2015). The exposed
rock outcrops in DML are part of the approximately 2% of Antarctica’s ice-free surface area and they
are found on nunataks that form a 1 700 km chain of mountains that extend from “the eastern side
of the Weddell Sea to the east of Enderby Land, with an average exposed width of 75 km” (Krynauw,
1986: 5).

The area of focus for this study was in the western part of DML, henceforth referred to as Western
Dronning Maud Land (WDML). It spans the region from 5° W to 12° E and 70° S to 75° S (Harris,

1999). WDML is sub-divided into two main geological groups, namely the Grunehogna Province and



the Maud Belt, which are separated by the Pencksokket-Jutulstraumen glacial system (Harris, 1999).
The Ahlmannryggen, where most of the study sites were located, is a ridge that is 112 km long, lies
on the western side of Jutulstraumen glacier, and is located within Grunehogna Geological Province.
Along with Borgmassivet, and its nunataks, the area comprises exposures of the Ritscherflya

Supergroup (RSG) (Harris, 1999; Dwight, 2014).

The Ritscherflya Supergroup is a Mesoproterozoic low-grade volcanic and sedimentary sequence
that shows little disturbance even though it has been heavily intruded by the mafic Borgmassivet
Intrusive Suite, the ultramafic-mafic Robertskollen Suite and the felsic Nils Jérgennutane Suite
(Krynauw, 1986; Harris, 1999; Jones et al., 2003). It is a nearly flat-lying litho-stratigraphic unit that
dips and is slightly deformed towards the Jutulstraumen glacier, which is 300 km long - the second
largest glacier after the Lambert glacier (Krynauw, 1986; Harris, 1999; Jones et al., 2003).
Furthermore, the RSG sediments in the Ahlmannryggen Group are described as having been
deposited in regressive cycles from shallow marines to braided streams, and finally, meandering

rivers that produced alluvial fan deposits (Harris, 1999; Jones et al., 2003).

On the eastern side of the Jutulstraumen glacier lies Jutulsessen in Gjelsvikfjella, which is part of the
Maud Belt in central Dronning Maud Land. The exposed geological features belong to the Pan
African post-orogenic A-type intrusions that occurred around 500 Ma (Marschall et al., 2013). It is
underlain by the Proterozoic high-grade metamorphic rocks (granulite and gneisses) that are
polycyclically deformed and are part of the East Antarctic crystalline basement (Krynauw, 1986;

Marschall et al., 2013; Kotzé, 2015).

The climate in WDML is characteristic of continental Antarctica, in that it is a cold and dry desert
(Hansen, 2013). WDML has low humidity levels due to low temperatures and precipitation, with
precipitation falling exclusively as snow (Cooper, 2006). Precipitation in the region is influenced by
cyclonic activity along the coast, the influence of which decreases towards the interior (Reijmer and
Oerlemans, 2002; Schlosser et al., 2008). WDML receives between 55 - 81 mm annually, while the
coastal areas receive between 150 - 200 mm (Schlosser et al., 2008; Hansen, 2013). As the effect of
cyclones along the coast decreases towards the interior, katabatic winds gradually dominate and
greatly influence the regional climate (Reijmer and Oerlemans, 2002). In DML, the katabatic winds
originate from the east-southeast direction (Isaksson and Karlén, 1994). However, in WDML the
topography buffers the more northern areas and katabatic winds are relatively weak. Instead, the
dominating winds are easterly, which average a speed of 11 m/s (Isaksson and Karlén, 1994; Hansen,

2013).



The passage of low-pressure systems along the coast greatly influences temperature in DML (Karkas,
2004). Relatively warm and moist air from the coast from low-pressure systems causes temperatures
to be highly variable, especially in winter when meridional and vertical temperature gradients are
greatest (Reijmer and Oerlemans, 2002; Karkas, 2004). In WDML, temperatures range from an
average maximum of 3 °C to an average minimum of -35 °C and have an average of -17 °C annually.
In contrast, temperature at Troll (the name given to the station at Nonshggda in Jutulsessen) has an
average of -14.3 °C annually (Kotzé, 2015). Temperatures detailed for the Ahlmannryggen area of
WDML were sourced from the South African Weather Service (SAWS) data set from the SANAE IV
base for a period of ten years from 2006 to 2016. WDML is characterized by an almost equal
distribution of solar radiation that changes seasonally and which influences air temperatures. In
summer, the region is exposed to roughly three months of sunlight and in winter it receives close to
zero radiation, as the sun does not rise (Cooper, 2006). In contrast, in autumn and spring, the region

is subject to diurnal cycles (Kotzé, 2015).

The extremely harsh climate of Antarctica allows life on the continent to barely exist at physiological
limits of survival (Robinson et al., 2003). Owing to the isolated nature of the mountains and
nunataks on the continent, the ecosystems found there are characterized by very basic life forms
with minimal ecosystem interactions (Ryan and Watkins, 1989). However, a process of classification
based on biogeographic regions was recently applied to Antarctica. A total of 16 biologically distinct
ice-free regions, including DML, have been identified as Antarctic Conservation Biogeographic
Regions (ACBRs) with the aim to create a biologically protected network area (Terauds and Lee,

2016).

Only a few nunataks in WDML have environments that can support biodiversity. Some of these
include those at Robertskollen (Steele and Cooper, 2012). In the Ahlmannryggen there are five
reported bird species, which include the Antarctic Petrel (Thalassoica antarctica), Snow Petrel
(Pagodroma nivea), Southern Fulmar (Fulmarus glacialoides), Wilson’s Storm Petrel (Oceanites
oceanicus) and the South Polar Skua (Steele and Cooper, 2012). Along with the relatively warm and
moist environments brought about by free water, the avian species provide the nunataks with the
nutrients needed to support the cryptogamic vegetation dominated by lichens (Ryan and Watkins,

1989; Cocks et al., 1998; Cooper, 2006).

Biodiversity in WDML, as well as in the rest of the continent is protected by a treaty that stipulates
that the continent is to be used for peaceful exploits, specifically scientific exploration (ATS, 2013).
The Antarctic Treaty is a political agreement that was first drafted in 1959 and officially entered into

in force in 1961 by a number of countries, including South Africa (ATS, 2013; Dodds et al., 2017). The



Treaty, which followed the establishment of SCAR, and new bodies formed subsequently, declared
Antarctica to be a continent for science that no country claims, for as long as the treaty holds and is
in effect (ATS, 2013; Elzinga, 2017). As a continent for science, measures have been established to
ensure that it remains as pristine as possible. WDML is where South Africa has its base (SANAE V)
and has activities controlled by the South African National Antarctic Programme (SANAP). SANAP
ensures that all activities within and around the SANAE IV base comply with the Antarctic Treaty’s
Committee for Environmental Protection to minimise the impact on the environment (Cooper,
2006). For instance, the SANAE IV base was designed to be aerodynamic so as to minimise its impact
on the environment by reducing the accumulation of wind-driven snow around it (Beyers and
Harms, 2003). Additionally, environmental audits are done annually around the base and the

surrounding researched nunataks to monitor any impacts from human activities (Cooper, 2006).

The study area for this research is in WDML, where a total of 8 sites were chosen from the
Ahlmannryggen (7) and the Jutulsessen (1) (see Fig. 3). These sites are well distributed and best
represent WDML with regards to active layer dynamics and topography, indicated by their distance

from the ice shelf and their altitude (Kotzé, 2015).
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Figure 3. Map of study sites.

Details of the individual study sites are presented below.




1. Vesleskarvet (71°40'S, 2°50'W)

Vesleskarvet served as the main study site due to its proximity to the South African National
Antarctic Expedition (SANAE) IV base (Fig. 4). The nunatak is flat-topped with a northern and
southern buttress, situated approximately 180 km from the ice shelf, at an altitude of 848 m
(Steele and Cooper, 2012; Scott, 2014). Vesleskarvet has approximately 22.5 ha of exposed
rock surface (Cooper, 2006). The SANAE IV base is on the Southern Buttress and the logging
station is on the Northern Buttress. Due to the presence of the base, the Southern Buttress
has only been considered for long-term mass loss monitoring from weathering experiments
(Meiklejohn, 2009). The Northern Buttress, on the other hand, was selected as an ideal site
for study because it is populated with sorted patterned ground and other active layer
features (Meiklejohn, 2009). The Buttress has 200 m high cliffs along the northern and
western edges which dip into a wind scoop, whereas on the southern buttress, the eastern
and southern edges gently dip into a south-east sloping ice sheet (Cooper, 2006; Dwight,
2014). The rocks of the nunatak on the Northern Buttress are large doleritic and dioritic

igneous rocks in the form of large angular boulders (Cooper, 2006; Hansen, 2013).

Figure 4. SANAE IV base. Photo taken from the Northern Buttress.

2. Robertskollen (71°27'S, 3°15'W)

Robertskollen was the most northerly situated study site, located approximately 30 km away
from Vesleskarvet to the north-west, and 150 km away from the ice shelf (Steele and
Cooper, 2012; Scott, 2014). The study site comprises a number of nunataks that range in

altitude from 200 to 500 m a.s.| (Dwight, 2014). It has an abundance of sorted and unsorted



ground, together with tafoni and lobate forms on the slopes (Meiklejohn, 2009). In addition,
Robertskollen has a relative abundance of biotic activity in the form of lichens, fungi, and
Antarctic Snow Petrel colonies (Scott, 2014). Robertskollen is characterized by lithosols that
are made up of gabbronorites, gabbros and dolerites, and it has high cliffs towards the

eastern side and gently sloping boulder slopes towards the western side (Dwight, 2014).
Valterkulten (71°54'S, 3°14'W)

Valterkulten is a small nunatak that is situated 28 km away from Vesleskarvet and has a
maximum altitude of 1021 m a.s.| (Scott, 2014). It served as an ideal area for investigating
geochemistry and chemical weathering because it has a brine lake on top of it, as well as
examples of terraces and thermal contraction cracks possibly brought about by active-layer

processes (Meiklejohn, 2009).
Schumacherfjellet (71°55’S, 2°58’W)

The study site on Schumarcherfjellet, a nunatak 25 km south of Vesleskarvet, was at an
altitude of 960 m a.s.l. It was comprised by a series of mountains that lies approximately 10
km north of Grunehogna (Meiklejohn, 2009). It has flat-topped surfaces of doleritic rocks
that are well populated with patterned ground, and the slopes of the north facing aspect of

the mountains have examples of solifluction terraces (Meiklejohn 2009).
Grunehogna (72°02’S, 2°48’'W)

Grunehogna is a nunatak that is 42 km away from Vesleskarvet, and it has an altitude of
1070 m a.s.l. Along with a wind scoop on its eastern side, it has good examples of both

sorted and unsorted patterned ground made up of dolerite rocks (Meiklejohn, 2009).
Flarjuven (72°01'S, 3°24'W)

Flarjuven is a flat-topped mountain that lies approximately 20 km west of Grunehogna and
44 km south-west of Vesleskarvet and is at an altitude of 1380 m a.s.I (Meiklejohn, 2009;
Scott, 2014). It has large exposed areas and a great number of patterned ground features
that made it one of the preferred locations in all of the Ahlmannryggen to conduct research

into active-layer dynamics (Meiklejohn, 2009).



7. Slettfjell (72°08'S, 3°19'W)

Slettfjell is the furthest site south of Vesleskarvet, located 53 km away at an altitude of 1472
m a.s.l. Similar to other sites in the Ahlmannryggen, it has an abundance of sorted and

unsorted patterned ground (Meiklejohn, 2009; Scott, 2014).
8. Nonshggda (72°00°40.6’S, 2°32'00.2"’E)

Nonshggda — henceforth referred to as Troll — is where the Norwegian Troll Station is based
(see Fig. 5a and 5b). It was the furthest site from Vesleskarvet, located 190 km away to the
east at an altitude of 1283 m a.s.l. The location is across the Jutulstraumen glacier in the
Jutulsessen, and it is approximately 200 km from the edge of the ice shelf (Scott, 2014;
Kotzé, 2015). It has a different geology to that of the Ahlmannryggen, and is part of a chain
of coastal mountains that are between approximately 1000 m and 3000 m high (Scott, 2014;

Kotzé, 2015). Akin to Vesleskarvet and its surrounding nunataks, it is populated by sorted

and non-sorted patterned ground (Scott, 2014; Kotzé, 2015).

Figure 5a. Troll Station and surrounds.

Figure 5b. Troll Station.
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Western Dronning Maud Land (WDML) and the selected study sites (nunataks) within it, was
identified as an ideal setting to conduct this project because literature and knowledge on the region
is limited. This project intends to contribute to the growing literature of WDML with the aim of using
high-frequency data to determine the impact of seasonal, synoptic and diurnal events on ground
thermal regimes focusing on evaluating and understanding the influence of meteorological events

on the active layer during 2016.

The project seeks to evaluate the state and status of permafrost and the active layer by establishing
meteorological influences on air and ground thermal regimes; determining the extent to which
meteorological point data measured at Vesleskarvet (SANAE IV base) can be applied regionally to
evaluate ground thermal regimes and; determining the extent (depth) of synoptic events on ground
thermal regimes. The following chapter explores the existing literature on ground thermal regimes

and their meteorological influences and seeks to identify a gap that this research will contribute to.
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Chapter 2: Literature Review

2.1. Permafrost and the Active Layer Environment

According to Guglielmin (2012), permafrost is present underneath almost all ice-free regions of
Antarctica, with the possible exception of the lowest elevations of the sub-Antarctic islands, where
microclimatic factors resulted in its absence. The word permafrost is an amalgamation of two words
— permanent frost — which were originally used to describe land that seemed to be permanently
frozen, although this term was replaced with the term perennially permanent frozen ground
(Dobinski, 2011). There are a number of definitions for the word permafrost (French, 2007).
However, in line with geomorphic processes in cryotic areas, it is defined as ground (including sail,
rock, ice, and/or organic material) that remains at, or below, 0 °C for a minimum of two consecutive
years (Dobinski, 2011). Dobinski (2011) points out that it is important to think of permafrost not as a

material phenomenon, but as a physical state of the lithosphere.

Permafrost in continental Antarctica has been identified as dry permafrost; that is, permafrost that
contains no liquid water (Dobinski, 2011; Guglielmin, 2012). The reason for an absence of liquid
water is that dry atmospheric conditions in continental Antarctica do not allow for liquid water to
exist for extended periods of time, due either to sublimation in winter, or its ablation in summer
(Hermichen, 1995). The occurrence of permafrost around the globe is reported by Dobinski (2011) to
be defined altitudinally as well as latitudinally, i.e. it occurs in mountainous, alpine, and polar
regions. French (2007) gives a more precise account of the different types of permafrost and the
regions where they occur. Permafrost occurring around the globe is categorised into four main
types, namely continuous, discontinuous, sporadic and isolated permafrost (French, 2007). A further
two sub-types, identified as periglacial and glacial permafrost, are found. These will be expounded

further in sections to come.

Discontinuous, sporadic and isolated permafrost are found almost exclusively in the Northern
Hemisphere, while continuous permafrost occurs mostly in glacial regions. However, as pointed out
by Dobinski (2011), it is difficult to estimate the aerial distribution of permafrost because of its
hidden character. Nevertheless, one can infer from available literature that continuous permafrost
occurs, to a large extent, mainly in the Southern Hemisphere, because the Antarctic terrain has
remained below 0 °C for millions of years and most of it is classified as a glacial zone (French, 2007).
To emphasise this point, the largest glacier in the world, the Lambert Glacier, is found in East

Antarctica (Krynauw 1986).
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Given that permafrost is a physical state of the lithosphere, Marchenko and Etzelmiiller (2013) point
out, it is defined purely in thermal terms. It, therefore, follows that the distribution of permafrost is
controlled by energy exchanges at the atmosphere-land-surface boundary, and in addition, it is
governed by climate on a global scale (Marchenko and Etzelmiiller, 2013). On a regional and local
scale, these energy exchange processes are regulated by snow, vegetation and sediment properties
(Marchenko and Etzelmiiller, 2013). The development of permafrost is highly dependent on the
negative energy budget of the ground surface; i.e. the ground needs to experience mean surface

temperatures below 0 °C for at least two consecutive years (Marchenko and Etzelmdiller, 2013).

The energy budget of the Earth is regulated by the amount of incoming short-wave solar radiation,
the transformation of this into long waves, and the absorption of these by the Earth’s surface
(Marchenko and Etzelmidiller, 2013). Net heat being added to or lost by the globe depends on
whether the incoming solar radiation is greater than or less than the outgoing radiation (Trenberth
et al., 2009). A negative energy budget is a result of the incoming solar energy/radiation from the
sun being less than the outgoing energy flux, due to the presence of clouds in the atmosphere (Kato

etal., 2008; Trenberth et al., 2009).

The shape of the planet and the position of the planet in its orbit around the sun favour the
domination of cold climates in high latitudes, and high mountain regions in mid-latitudes, which in
turn support the development and presence of permafrost (French, 2007). This is because the sun’s
rays travel a greater distance to reach the Earth’s surface in high latitudes, and thus get spread out
over a greater surface area, when compared to the low latitudes, with the smallest area at the
equator (Mlynczak et al., 2011), as shown in Figure 6. As a result, more incoming solar radiation is
lost to the atmosphere at high latitudes than at low latitudes. The development and presence of
permafrost is further supported and influenced by snow, vegetation, sediment properties,

atmospheric and topographic factors (Marchenko and Etzelmiiller, 2013; Almeida et al., 2014).

As mentioned earlier, permafrost in continental Antarctica occurs mostly as continuous permafrost,
but it also occurs as glacial permafrost (Dobinski, 2011). The latter occurs only in glaciated regions
such as continental glaciers, ice caps and ice sheets (Dobinski, 2011). The formation and thermal
regimes of the two sub-types of permafrost (periglacial and glacial permafrost) differ greatly (see Fig.
7a and Fig. 7b). Periglacial permafrost has well-defined horizons that exhibit a seasonally active layer
of ground and the perennially frozen or inactive layer of ground, termed permafrost. On the other
hand, glacial permafrost is defined by a very thin active layer that continually gets removed through

sublimation and/or ablation (Dobinski, 2011). The depth of zero annual amplitude shows the point
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where the ground temperature remains constant throughout the process of thawing and freezing of

the ground (Williams and Smith, 1989).
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Figure 6. The tilt of the Earth and its atmosphere affect the amount and area of solar radiation that

reaches the Earth’s surface (Source: National Snow and Ice Data Centre: 2016)

THERMAL PERMAFROST
GROUND SURFACE ___ QFFSET -~ TaBLE
| =]
T<0%C || T=0C T=0°C
: T 7
T~ t v " seasgmw
SEASONALLY FREEZING AND : | NON-CRYOTIC
THAWING: ACTIVE LAYER | J
1 "
__________ t —— | SEASONALLY ACTIVE
PEAMAFROST
=
F BEPTH | MEAN GROUND
& ZERO ANNUAL A TEMPERATURE
= AMPLITUDE (ZAA) /
MMIALLY
PERENNIALLY i
FROZEN PERMAFROST
THICKNESS
GEOTHERMAL
v GRADIENT p—
A I W
I
| | BASAL
| ~ CRYOPEG
I \d
PERENNIALLY | —_———
UNFROZEN : PERMAFROST -/ 1
FREEZING-POINT | Bk
- PERENNIALLY
DEPRESSION “»lL\ NONCRYOQTIC
—» Y |
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Figure 7b. Thermophysical model of permafrost of a glacial environment (Source: Dobinski,

2011).

Western Dronning Maud Land (WDML) has been identified as having continuous permafrost, with
limited areas of glacial permafrost over the Jutulstraumen glacier and areas around the Schirmacher
Oasis (Hermichen, 1995). In 1995, it was noted by Hermichen (1995) that thawing had been
observed to have occurred at altitudes of up to 1500 m a.s.l. in December/January (the Austral
summer), and this was attributed to interglacial conditions prevailing due to the current global

climate. However, the thickness of permafrost is not well known.

The state and depth of permafrost (permafrost thickness) and the active layer in continental
Antarctica are being monitored by the International Permafrost Association (IPA) (IPA, 2012). The
IPA has established a number of monitoring networks to develop a global database of the spatial
structure and variability of active layer depth and permafrost temperature, to monitor the long-term
thermal state of permafrost in an extensive borehole network, and to monitor the active layer (IPA,
2012). The monitoring networks that oversee the goals of the IPA in the listed order include the
Global Terrestrial Network for Permafrost (GTN-P), the Thermal State of Permafrost (TSP) and the

Circumpolar Active Layer Monitoring network (CALM) (IPA, 2012).

In the case of Antarctica, the Circumpolar Active Layer Monitoring — Southern Hemisphere (CALM-S)

network was established to better monitor ground temperatures, since the CALM network could not
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be properly implemented because the rocky terrain prevents the use of 100 m x 100 m grids for
mechanical probing (Vieira et al., 2010; Guglielmin and Vieira, 2014). The CALM-S makes use of
smaller grids and shallow boreholes to enhance monitoring where probing on the rocky terrain of
the ice-free regions is not possible (Vieira et al., 2010). According to Vieira et al., (2010), there are 73

CALM-S sites in Antarctica, one of which is in Dronning Maud Land (DML).

The CALM-S site in DML is situated at Novolazarevskaya. Novolazarevskaya is one of six sites,
including one at Versleskarvet, two at Nonshggda and two at Flarjuven, which have permafrost
borehole sites that were established during the IPY (Vieira et al., 2010). These CALM-S sites monitor
ground temperatures on the Basen, Flarjuven, Grunehogna, Novolazarevskaya, Robertskollen,
Schumacherfjellet, Slettfjell, Nonshggda, Valterkulten and Vesleskarvet nunataks. Based on the
heterogeneous climate, topography and geology of these monitored nunataks, this project will focus

on all the above nunataks, excluding Basen and Novolazarevskaya.

2.2. Climatic controls on ground thermal regimes

Although the climate in Antarctica is perceived as being fairly uncomplicated and somewhat well-
defined, local(ised) ground thermal regimes are influenced by more than one single factor and are a
consequence of interactions between climatic, surface and sub-surface factors (Williams and Smith,
1989; Richter and Bormann, 1995). Focusing on climatic factors, the ground thermal regime is
influenced by the seasonal fluctuation of temperature above the mean annual value, including the
air, ground surface and near-surface temperatures (Williams and Smith, 1989). As noted by French

(2007), air temperatures are a key identifier of periglacial environments.

The ground in periglacial environments is affected by the mean annual temperature immediately
above, at, and below, the surface (French, 2007). Immediately above the surface of the ground, air
temperature is measured at a standard height above seasonal snow cover, and it is referred to as
the Mean Annual Air Temperature (MAAT). The temperature measured at the ground surface is
referred to as the Mean Annual Ground Surface Temperature (MAGST), and seasonal fluctuation of
this temperature is responsible for periodic thermal stresses in the surface ground layers that give
rise to geomorphological phenomena such as ice-wedge development (Williams and Smith, 1989;
French, 2007). Temperature below the surface of the ground, at the top of permafrost, is referred to
as Temperature at the Top Of Permafrost (TTOP), and fluctuations in this temperature are influenced
by the amount of latent heat released from the freezing water within the active layer (Williams and

Smith, 1989; French, 2007). In addition, temperature below the ground surface is influenced by sub-
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surface factors such as ground/soil properties (including soil particle size, bulk density, thermal
conductivity and thermal diffusivity, determined by the minerals making up the soil particles), the
microbial life found within the soil and the amount of water/ice available within the soil/ground

(Williams and Smith, 1989).

The temperature at the three periglacial zones in Antarctica, above the ground, at the surface, and
below the surface of the ground, is influenced by a number of factors, which include the latitude,
surface elevation and distance from the ocean (Richter and Bormann, 1995). Antarctica has the
highest average surface elevation compared to other continents, and is overlain by an ice sheet of
approximately 2 000 m mean thickness; these two factors impose a controlling influence on climate
and regional atmospheric circulation. Along with the specific radiation balance in the continent, they
have resulted in the formation of three climatic zones, which correspond to the three ecological
zones mentioned by Bolter et al., (2002). These encompass the zone of the inner continental plateau
and high mountainous terrains, the zone of inland ice slope (near-coastal belt), which is 500-900 km
wide and at an elevation of 300-500 m. a.s.l., and the zone of coastal climate, between the

latitudinal belt of 60° - 75° S (Richter and Bormann, 1995).

Western Dronning Maud Land (WDML) is located in the second zone, i.e. the zone of inland ice slope
(Richter and Bormann, 1995). Weather is controlled by varying atmospheric circulation as well as
synoptic systems moving across the Weddell Sea. These depend on the position and the behaviour
of the central anticyclone over inner Antarctica and the trough of low pressure over the Southern
Ocean, respectively (Richter and Bormann, 1995; Karkas, 2004). The anticyclone over the inner
continent is due to the high-pressure system that brings about predominant downslope katabatic

winds (Richter and Bormann, 1995; Bintanja, 2000).

Katabatic winds blow coastward from the high continental interior in a regional counter-clockwise
sense of motion (Richter and Bormann, 1995). They are strongest over areas with steep slopes,
whereas, over more gentle slopes the Coriolis force turns the downslope winds to a cross-slope
direction, which results in geostrophic winds (Bintanja, 2000). Steinhoff et al., (2013) note that even
though katabatic winds are traditionally defined as any downslope wind, in Antarctica the term
refers to negatively buoyant flow. Katabatic winds occur and/or dominate in winter, due to the
stronger surface temperature inversions in winter, while the weaker surface temperature inversions
in summer are not sufficient to cause katabatic winds (Steinhoff et al., 2013). In mountainous

regions, strong katabatic winds are often referred to in the same category as foéhn winds.
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Foéhn winds are defined as winds that warm up and dry out as they descend, generally down the lee
side of a mountain (Steinhoff et al., 2013). These winds are the result of the flow of wind changing
intensely due to the topography as it flows over the lee side of mountain barriers (Speirs et al.,
2010). Foéhn winds can generate wind gusts of over 50 m/s, and in Antarctica, they occur mostly in
the McMurdo Dry Valleys (MDVs) (Speirs et al., 2010). In WDML the southern mountains buffer
enough for foéhn winds to dominate and therefore their effects are negligible (Meiklejohn, pers.

comm., 2016).

It has been observed that in summer, diurnal events dominate temperatures, while in winter,
synoptic events (i.e., cyclones) dominate. Diurnal events can be attributed primarily to the passage
of the sun over the sky of the continent, and the momentary setting over the horizon. The
movement of the sun determines that its rays continuously change direction and position, and this
can result in local effects on the air and ground temperatures. Synoptic-scale impacts, on the other
hand, are largely due to the movement of the trough of low pressure over the Southern Ocean, and
which has been reported by a number of authors to be responsible for cyclones at the coastal region
(Noone et al., 1999; Bintanja, 2000; Simmonds et al., 2003; Karkds, 2004). The effect of these
transient cyclones over inner continental Antarctica is disputed. According to Richter and Bormann
(1995), their efficiency is low and restricted to coastal areas, except for the low lying areas of West
Antarctica. However, Schlosser et al.,, (2010) argue that the interior plateau is also affected by

synoptic systems in the same way as coastal regions more strongly than previously thought.

Regardless of the level of efficiency of synoptic systems in the interior, they are known to influence
the amount of solar radiation reaching the surface, along with air temperatures, precipitation and
wind speed and direction (Noone et al.,1999; Bintanja, 2000; Richter and Bormann, 1995; Karkas,
2004). In the sub-Antarctic, the variation in solar radiation reaching the Earth’s surface due to the
passage of synoptic systems has been seen to influence soil thermal characteristics (Nel et al., 2009).
However, since Vesleskarvet (the main focus of the study region) is on the periphery (i.e. it is neither
on the coastal plain nor the continental plateau), it seldom experiences strong wind events
experienced by other regions such as Casey (an Australian coastal station on Wilkes Land -
Antarctica) and Marion Island (in the sub-Antarctic) (Murphy and Simmonds, 1993; Nel et al., 2009).
Nevertheless, Bintanja (2000) reports that easterly geostrophic winds caused by the presence of
low-pressure systems in the coast, often interact with katabatic winds in the boundary layer to

produce strong boundary layer winds that have a significant impact on soil thermal properties.

Climatic variability, especially that caused by synoptic systems in the Southern Ocean, is attributed

to the Southern Annular Mode (SAM), which is connected to the El Nind-Southern Oscillation (ENSO)
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cycle, and to the Semi-Annual Oscillation (SAO) (Noone et al., 1999; Schlosser et al., 2010). The SAM
is the regular rotation or circumpolar pattern displacement of atmospheric mass between the mid-
latitude (higher pressure) and the Antarctic coast (lower pressure), in which the intensity and
location of the air pressure gradient changes in a non-periodic way over a wide range of time scales
from days to years (Turner et al, 2013). The SAO consists of the bi-annual “contraction and
expansion of the pressure trough around Antarctica, in response to differences in heat storage
between Antarctica and the surrounding oceans” (Karkas, 2004: 2). The SAM and SAO are integral
components to this project because the seasonal and inter-seasonal dynamic between the
atmosphere and the ground thermal regime have an effect on climatological variables such as
surface air pressure, precipitation, sea ice cover, wind speed and cloudiness, which are all important

to active layer research in WDML (Kotzé, 2015).

2.3. Oceanic Influence on continental Antarctica

Research on the heat signature of the ocean shows that Earth is absorbing more energy from the
sun than it is radiating back to space as heat (Hansen et al., 2011). This has major effects on
Antarctic continental ice and/or ice shelves because the warm sea water continually acts as a
lubricant between the ice and the ground surface, thus accelerating the rate of ice shelf loss. This
phenomenon is commonly observed in the Antarctic Peninsula (Turner et al., 2013). The warm
surface seawater affects synoptic weather in Western Dronning Maud Land (WDML) because of the
Antarctic Convergence or the Antarctic Circumpolar Current (ACC) that encircles the whole continent
(see Fig. 8) (Richter and Bormann, 1995). According to Toggweiler and Russell (2008), the ACC is a
wind-driven current that goes around Antarctica unhindered by any land; it goes through an east-
west channel between South America, Australia and Antarctica. Toggweiler and Russell (2008) point
out that the ACC is the world’s strongest current (by volume of water transported) because the
boundary of east wind drift over the channel and the flow of the ACC are aligned for the length of

the channel.

Given the fact that water has a high latent heat capacity, the ocean has a slow response to the
seasonal cycle of heating when compared to land (Mlynczak et al., 2011). However, water in the ACC
does not seem to have warming capabilities, because it is part of the thermohaline circulation of the
ocean that transports water around the globe, akin to a large conveyor belt (Toggweiler and Russell,
2008). The thermohaline circulation is an overturning circulation of water in which warm water on
the ocean surface and sub-surface flows to the poles, and is subsequently converted into cold water

that sinks and flows towards the equator in the interior, or as part of deep water column (Toggweiler
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and Key, n.d.). It creates regional density differences within the ocean through heating, cooling,
freshening and salinification (Toggweiler and Key, n.d.). According to Toggweiler and Key (n.d.), the

thermohaline circulation turns over all the deep water in the ocean every approximately 600 years.

Figure 8. Map of major ocean currents south of 20° S (Adapted from Pidwirny, 2009)

The thermohaline circulation plays a significant role in controlling the Earth’s climate. It keeps the
poles relatively habitable by transporting approximately 10" W of heat towards the poles into high
latitudes, which is about a quarter of the total heat transport of the ocean-atmosphere circulation
system (Toggweiler and Key, n.d.). However, the South Pole does not receive the same amount of
transported heat as the North Pole, due to heat capture by the upwelled deep water in the Drake
Passage. This water flows to the north on account of the Coriolis Force, and when it comes into
contact with the atmosphere, it absorbs the solar heat that would have been available to warm up
the Southern Ocean and Antarctica (Toggweiler and Key, n.d.; Convey et al., 2009). The resultant
state is a situation where the sea surface temperatures at 60° N in the North Atlantic are 6 °C
warmer than sea surface temperatures at 60° S (Toggweiler and Key, n.d.). Nevertheless, the

Southern Ocean is still home to some of the most intense synoptic cyclones (Karkés, 2004).

The Southern Ocean, along with the Antarctic Circumpolar Circulation, synoptic weather systems
that originate in the ocean, anticyclonic or katabatic winds in the interior and diurnal fluctuations

brought about by air circulation patterns, all have an influence on ground thermal regimes (Richter
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and Bormann, 1995). These climatic forces are all governed by the Southern Annular Mode and the

Semi-Annular Oscillation that affect active layer processes in WDML.

As Wilhelm and Bockheim (2017) point out, thawing of the permafrost layer points to a long-term
warming environment that is evidenced by a warming ground profile. This is shown by an increasing
active layer which deepens as seen in Signy Island and Rothera Point (Adelaide Island) due to
vegetation cover that helps to raise ground temperatures better than bare and unvegetated ground,
and the geology of the region along with air temperature and snow cover (Guglielmin et al., 2012;
Guglielmin et al., 2014). In Marion Island, variations in ground temperatures were a direct result of
the passage of synoptic scale weather systems. It was noticed that synoptic systems originating in
the ocean have a great impact on thermal characteristics and heat fluxes of the ground profile (Nel

et al., 2009).

Studies abound of active layer thicknesses and ground thermal regimes in maritime Antarctica such
as the ones presented above. However, such studies in continental Antarctica are limited, the closest
being research conducted at the McMurdo Dry Valleys (Bockheim, 2004). This chapter has laid the
foundation for this project by identifying types of permafrost and the specific type that lies
underneath WDML. Along with permafrost, the active layer of WDML is influenced by
meteorological factors as well as ground and/or soil properties. The methods in which these will be

identified and analysed in great detail are explained in the following chapter.
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Chapter 3: Methodology

In order to achieve the aims of this project, an investigative approach was followed, in line with that
described by Church (2013). This approach does not focus on one specific area in isolation, unlike the
reductionist approach followed in geomorphology in the past. Instead, an attempt is made to
consider all factors involved and the extent to which they have an effect on one another. The study
conducted feeds into ongoing research into the periglacial landscape in Antarctica, the processes
that affect it, and those affected by it. The data for the research was collected over time by
permanent, long-term, automated recording stations. Data from these recording stations were
downloaded during short field excursions to the sites of interest during summer relief trips to the
Antarctic, commencing in 2010. The three objectives identified as necessary to achieve the aim of

this project were carried out using a number of instruments and methods, as outlined below.

Objective 1

To establish meteorological influences on air and ground thermal regimes.

The first objective initially involved collecting data from the SANAE IV station (hereinafter
referred to as Vesleskarvet), and downloading the data from data loggers that had been
left in the field for a year. These data loggers are designed to record ground/soil
temperature and moisture data as well as air temperature. The data downloaded were
collected using the ACR and XR5 data loggers and a Decagon EC-5 Soil Moisture Sensor.
This method of data acquisition has been used by a number of researchers, including
Almeida et al., (2014) at King George Island in Maritime Antarctica; Meiklejohn (2009) at
the Alhmannryggen and at Troll in Continental Antarctica; and Vieira et al.,, (2010) in

various locations around Antarctica.

The required high-frequency data were measured at different intervals for the different
loggers. In the case of the XR5 logger, data were recorded at hourly intervals throughout
the collection period from 2009 to the present period. For the ACR logger, data were
measured at 3-hour intervals from 2013 to 2015. From 2016 onwards, the logger was reset
and adjusted to record data at 10-minute intervals (with the exception of a brief period of
a day, where the data were measured at 1-hour intervals, early in 2016). Recording
intervals for the ACR logger were reset to enable better detection of small changes in
ground conditions brought about by changes in the atmosphere, as well as to enable
synchronization with data from the South African Weather Service (SAWS) weather station

situated at Vesleskarvet, where measurements were recorded at 5-minute intervals. The
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data loggers were installed at the same elevation as the SAWS weather station, which was

situated £+ 300m away.

Microsoft Excel® was used as a statistical tool to analyse the collected meteorological point
data from the automated logging station (ALS) as well as the SAWS data. This was to find
correlations between the two data sets to generate graphs from the statistical variables
including averages, maxima and minima in order to make a visual analysis of the seasonal
data, synoptic data and diurnal weather events easier. In addition, visual analysis
generated by Microsoft Excel® aided in understanding the correlation between the ALS and

SAWS data with synoptic charts of the Australian Meteorological Division (AMPS).

Objective 2
To determine the extent to which meteorological point data measured at Vesleskarvet

(SANAE IV base) can be used regionally to evaluate ground thermal regimes.

In order to achieve the second objective, data were collected in the same way as that for
the first objective, at various selected sites around the Ahlmannryggen. The ALS was set up
in a similar way, at the same depths of up to 20 cm for the ACR logger, and up to 60 cm for
the XRS5 logger, for all sites, to standardise the data collection procedure for future analysis
and to allow comparison. Troll Station, however, had a total of four sampling sites around
its base; two ACR loggers situated in the centre and at the boundary or crack of a selected
polygon, and two XR5 loggers; one old (installed in 2007), and one new (installed in 2013).
Both the ACR loggers were buried 20 cm below the ground in the same fashion as those in
Ahlmannryggen. The old XR5 logging station recorded temperatures deeper, up to a depth
of 2 m due to the deep soil substrate and drilling equipment available, as was the new XR5
logger. However, in 2016 it was found that the new XR5 logger was re-installed too deep
below the ground following construction at the Troll Station. The discrepancies meant that
the data were not used. At the Alhmannrryggen, the XR5 loggers were buried up to 60 cm
below the ground on account of the presence of ice-cemented ground and shallow soils. All
the ALS’s at the various sites were set to record data at the same (1 hr) intervals, having
been reset and adjusted simultaneously with those in Vesleskarvet. The ALS’s and their

setup will be discussed below.

In a similar manner to the first objective, Microsoft Excel® was used as a statistical and
graphing tool to analyse meteorological point data collected from the surrounding sites

within the Ahlmannryggen, as well as data from the Troll Station. This was to find
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correlations between their data sets and that of Vesleskarvet to create graphs for
comparison. The period of comparison was 2016 and emphasis was placed on statistical
variables, including averages, maxima and minima, as well as selected strong synoptic

events of the year 2016.

Objective 3

To determine the extent (depth) of meteorological events on ground thermal regimes.

The third objective was achieved partly by using data collected for Objective 1 and 2, and
partly by collecting and analysing soil samples. The rate at which synoptic scale events are
reflected at different depths below the ground surface depends on the soil particle size,
bulk density, the specific heat capacity, the thermal conductivity, the thermal properties of
minerals present in the soil/ground, the depth of snow cover (since snow acts as an
insulator and/or buffer), as well as the time elapsed since change in surface conditions
(Williams and Smith, 1989; Schaetzl and Anderson, 2005). Data from the ALS were used to
calculate the rate at which selected synoptic events (obtained from synoptic charts of the
Australian Meteorological Division (AMPS)) of the year 2016 were transmitted throughout
the soil profile, and to determine the maximum depth (as allowed by the ALS) to which

transmission of changes occurred.

The rate at which the selected synoptic events were transmitted through the soil profile
was calculated using the temperature propagation equation given by Equation 1 (Wilhelm

and Bockheim, 2017):
Equation 1: Temperature Propagation
Max.monitered depth — Transmission Start Depth

Torop = Y:Hours for event to travel from x depth
to max. monitered depth

where T, Stands for temperature propagation (in cm/h), and x stands for the near surface

depth (ground surface = 1cm) (in h).
The physical properties of the soil were determined from soil samples collected at every

site, close to the ALS. One soil sample was collected per site, corresponding to the ALS. The

grab specimens, as noted by Briggs (1977b), were collected using a bulk density square, a
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hammer (to push down the bulk density square), a trowel, sampling bags, a sealing tape

and a marker. The method of sampling followed that of Pennock et al., (2008).

3.1. Field Methods

3.1.1. Automated Logging Stations

A setup of the automated logging system is shown in the following schematic diagram (Fig. 9). The
ground temperature was and continues to be, measured by loggers which have thermistors
(sensors) attached to a rod placed below the surface, in order to record temperatures at different
depths. The sensors were placed at 1 cm below the surface for both the PACE XR5 and the ACR data
loggers, and at 15 cm intervals up to 60 cm for the PACE XR5 data logger, and at 5 cm intervals up to
20 cm for the ACR data logger. The PACE XR5 data loggers at Troll Station recorded data at 50 cm
intervals up to 2 m. Soil moisture was measured at a depth of 1 cm below the surface of the ground
by a Decagon EC-5 soil moisture sensor, which was also attached to the PACE XR5 data logger. The
air temperature was measured at 1 m above the ground by a sensor protected by a radiation shield.

The loggers were set to record temperature in degrees Celsius (°C).

L% Radiation Shield

ACR Data Logger PACE XR5 Data Logger

Ground Surface
182 ] — " —
5
Decagon EC-5
1w Soil Moisture
Sensor
15 15  eo——
20
n
g
= J0  —
]
=
45 —
G0 e——

Figure 9. A setup of the automated data logging system (Adapted from Meiklejohn, 2012)
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The automated logging stations (ALS’s) were installed at various sites around the Ahlmannryggen
and Troll Station following the International Polar Year in 2007, with the aim of contributing to the
understanding of Antarctic permafrost and the active layer (Vieira et al., 2010). A period of two
weeks was allowed to pass after the installation so that the ground around the ALS’s could settle
before logging could begin. Care was taken when installing the ALS’s, and the ground promptly
covered, to restore sites to the way they were before being disturbed, thus ensuring that the ALS’s

recorded the proper conditions of the selected sites (Kotzé, 2015).

3.1.2. Soil Sampling Techniques

Soil sampling at the selected sites was undertaken using a method of judgement sampling (Pennock
et al., 2008). According to Pennock et al., (2008) judgement sampling is appropriate when soil clearly
shows an identified sequence of processes that may have contributed to the soil landscape. In this
study, sampling was done as close to the ALS’s as possible, to obtain the best possible
representation of the soil/ground being monitored for changes in temperature and moisture levels.
Given that soils in the selected study sites are poorly developed, there were no clear soil horizons.
The soils are classified as gelisols because they have little profile development due to the presence
of permafrost (Weil and Brady, 2017). For this reason, only the topsoil was sampled. In order to
leave the sites as undisturbed as possible, and in compliance with the Antarctic Treaty and the
Rhodes University Ethical Standards, sampling was executed cautiously. The holes left after sampling
were promptly covered with surrounding soil, and this also ensured that the ALS’s were not

disturbed.

3.2. Laboratory Methods

The physical properties of the soil were analysed by calculating the bulk density of each sample,
followed by measuring the particle size of soil from each sample. Soil bulk density is defined by
Briggs (1977b) as the ratio of the mass of dry soil to its volume. The volume of the soil was calculated

from the dimensions of the bulk density square, according to Equation 2:
Equation 2: Volume
V = lbh

where [ stands for the length (in cm), b the breadth (in cm) and h the height (in cm) of the bulk

density square.
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Bulk density was calculated following Equation 3, highlighted by Hao et al., (2008):

Equation 3: Soil Bulk Density

ms

D= =2

where Dy, represents soil bulk density (in g/cm?), m, represents the mass (in g) of the oven-dried soil
and V; represents the bulk volume (in cm?®) of the soil, including the pore spaces between the soil

particles along with the volume of the soil itself (Hao et al., 2008).

Soil samples were weighed before and after drying in order to determine the moisture content
within the soils. They were dried in a ProLab oven for 24 hours at 105 °C, as advised by Hao et al,,
(2008). After drying, soils were placed in desiccators overnight to cool down before being weighed
again. Thereafter, the samples were disaggregated using a mortar and pestle, following which they
were sieved using the Endecott test sieve stack shaker for 10 minutes. The sieves were measured
before and after sieving in order to get the mass proportion of the sample in each sediment class
size. Thereafter, particles that were less than 1000 um in diameter were treated with 25 ml of
hydrogen peroxide (30%) to remove organic material. Samples were left overnight at room
temperature before being heated to allow the hydrogen peroxide to evaporate. This was so that
analysis on the Malvern Mastersizer 3000 could be performed on the samples to get a measure of

the particles < 63 um.

The Malvern Mastersizer 3000 utilises Stokes’ Law which states that the rate at which a particle falls
in a viscous medium (liquid) is directly proportional to its weight (measured from its diameter), i.e.
the heavier the particle, the faster it falls (Briggs, 1997b). The equation for Stokes’ Law is given by
Equation 4 (Briggs, 1997b):

Equation 4: Stokes’ Law

18wy
~ (p—p0)g

2
where D is the size of the particle (cm), v is the terminal velocity of the particle (cm/s), n is the

viscosity of the liquid, p is the density of the particle (g/cm?), p0 is the density of the liquid (g/cm?)

and g is the gravity (cm/s?).
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3.3. Statistical Analysis and Preparation

The first law of geography states that “everything is related to everything else, but near things are
more related than distant things” (Tobler, 1970: 236). Tobler’s first law of geography is related to the
concept of spatial autocorrelation that identifies a connection in data values of spatial
measurements (Harris and Jarvis, 2011). Spatial autocorrelation allows for geographical statistical
methods to be employed to spatial data analysis. These geographical statistical methods (spatial
regression) along with non-geographical, classical forms of statistical analysis (non-spatial

regression) were used in analysing the data and interpreting the results generated thereof.

3.3.1. Data Preparation

Prior to analysis, raw field data were captured in Microsoft Excel® for standardization.
Standardization was done first by calculating the standard deviations and population means of the
data sets. This was done for the calculation of z-values that allow for a data set to be standardized by
removing outliers. A z-value is a measure of standard deviation from the population mean and it
allows for comparison between data sets whose standard deviations and population means are
different (Harris and Jarvis, 2011). It is calculated using the following equation (Harris and Jarvis,

2011):
Equation 5: z-value

(x—p)
I = —
o
where x represents the value to be standardised, u represents the population mean and, o
represents the standard deviation. Values greater than 3.5 and less than -3.5 of the z-value were

deemed as outliers and therefore removed from the dataset.

3.3.2. Statistical Methods

Statistics allow a data set to be analysed in a descriptive manner, providing a set of summarised
measurements of the data that allow for more analysis to be conducted (Harris and Jarvis, 2011).
Descriptive statistics are usually the first form of analysis to be performed on a data set following
which inferential and relational statistical analysis is conducted. Inferential statistics examine the
representativeness of the data set by testing the probability of some data element being true (Harris
and Jarvis, 2011). Relational statistics allow for relationships in the variations of data sets to be
determined (Harris and Jarvis, 2011). The only statistics used for this project were descriptive and

relational statistics and their usage is outlined in the following sections.
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3.3.2.1. Descriptive Statistics

Descriptive statistics are centred on two measurements — the average (mean) of the data set and the
behaviour of data values around the mean (Harris and Jarvis, 2011). A measurement of summary
statistics was calculated to enable the computation of z-values. Amongst other things, summary
statistics gave measurements for the mean, the median, the mode, standard deviation, and
skewness of the meteorological point data sets for Objectives 1 and 2. The mean, standard deviation
and skewness were particularly important for the calculation of z-values. For the z-value equation,
refer to Equation 5. The skewness of a data set is important because z-values can only be calculated
if the data set has a normal distribution. A normal distribution is given by a skewness value of O,
whereas a skewness value of -1.62 means that the data set is negatively skewed to the left while a
skewness value of 1.62 means that the data set is positively skewed to the right (Hansen, 2013). For

a full list of skewness values and their descriptions, please refer to Appendix A (pg. 85).

For Objective 1, summary statistics were calculated for data from the ALS measured at Vesleskarvet
along with data from SAWS. In addition, monthly averages of the SAWS data set were also
calculated. For Objective 2, summary statistics were calculated for daily average temperatures from

all the study sites.

3.3.2.2. Relational Statistics

Relational statistics were used to determine the dependency of a set of variables on other variables,
for instance, how the bulk density of soil affects the rate of thermal propagation through the ground
profile. The statistical tools used were scatter plots and correlation coefficients using the Pearson’s
product-moment correlation (r). A scatter plot is a tool used to determine the relationship between
two variables (Harris and Jarvis, 2011). It operates under the assumption that one variable (the X
variable plotted on the horizontal axis) is independent of the other variable (the dependent Y

variable plotted on the vertical axis) (Harris and Jarvis, 2011).

Pearson’s correlation coefficient, r, gives a measure of the linear relationship of two variables,
assuming that both variables are approximately normal (Harris and Jarvis, 2011). In order to
calculate Pearson’s correlation coefficient, the mean and standard deviation of each variable are
used. A positive relationship is given by positive values, with +1 indicating a perfect positive
relationship. On the other hand, a negative relationship is given by negative values, with -1
indicating a perfect negative relationship. Variables that are unrelated are shown by a value of zero

(Harris and Jarvis, 2011).
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For Objective 1, Pearson’s correlation coefficient was used to find a correlation between monthly
averages of Vesleskarvet ambient air temperatures, near-surface temperatures and ground
temperatures with the SAWS recorded meteorological data. For Objective 2, Pearson’s correlation
coefficient was used to find a correlation between the SAWS average air temperature with the
average ambient air and ground temperatures of all the study sites. For Objective 3, a scatter plot

was used to determine the distribution of particle sizes for soils at each study site.

Both the descriptive and the relational statistical methods along with the laboratory methods
effectively allow for the analysis and presentation of the collected data. The following section gives

an analysis of the results based on the outlined methods described in this section.
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Chapter 4: Findings — Analysis of Results

4.1. Objective 1: Influences on temperatures in Vesleskarvet

As discussed earlier in the literature review meteorological phenomena including air temperature,
pressure, wind and solar radiation have been noted in various studies to have an impact on ground
thermal regimes (Williams and Smith, 1989; Richter and Bormann, 1995). Meteorological data from
the South African Weather Service (SAWS) were used to aid the correlation analysis of weather
variables with ambient air temperatures from the data logging site and ground temperatures. The
weather parameter most influential on ground thermal regimes in Vesleskarvet in 2016 was air
temperature, followed by pressure and humidity (see Table 1). Wind speed and wind direction had
no influence on ambient and ground temperatures. The influence of solar radiation on ground
temperature could not be analysed due to the absence of solar radiation data. Kotzé (2015) provides

an in-depth coverage of the effects of solar radiation in Vesleskarvet.

Table 1. Pearson’s Correlations (r) for Vesleskarvet 2016 monthly averages of ambient air

temperature, near-surface and ground temperature with the SAWS recorded air temperature,

pressure, humidity, wind speed and wind direction

SAWS
Meteorological
Data | Temperature Humidity | Wind Speed | Wind Direction
Temperature
Averages

IV T3 (000077 050, (010740 010853 [eo0%43
0798  0.186 0.211 -0.071 -0.190

0.718 0.188 0.145 -0.175 -0.084

Monthly correlations of air temperatures against ground temperatures of different depths
throughout the ground profile show that air temperatures have a high positive relationship with
ambient and ground temperatures, the highest correlation being with ambient temperatures
(average r = 0.971) and the lowest being at a 60 cm depth (average r = 0.462) (see Table 1). A very
high correlation of air temperatures with ambient temperatures is not surprising because the SAWS
weather station is only +/- 300 m away from the logging site. However, it is intriguing that the
correlation between air and ground temperature (near surface temperature) is lower (average r =

0.798) than that between air temperature and temperature at a depth of 15 cm (average r = 0.845).
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Pressure had a moderately high and strong positive correlation with ambient air and ground
temperatures during the months of January (r > 0.7), August (r > 0.4), September (r > 0.4) and
December (r > 0.5) (see Appendix B, pg. 87). On the other hand, humidity levels had a weak to
moderate positive correlation with ambient air and ground temperatures in February (r > 0.4)
(excluding ambient air temperatures), April (r > 0.4), June (r > 0.5) (excluding ambient air
temperatures) and August (r > 0.4) (excluding 30 cm and 60 cm depths) (see Appendix B, pg. 87).
Although it has been noted in literature that wind (speed and direction) can have an influence on
ground temperatures (Seppala, 2004; Adlam et al., 2010; Hansen, 2013), in Vesleskarvet it has been
found to have mostly weak negative, to almost no, correlation with ambient air and ground
temperatures throughout the year. However, there was a weak positive relationship between wind
speed and ambient air and ground temperatures in May (r > 0.4 for ambient air temperature, near-

surface temperature and temperature at 15 cm depth) (see Appendix B, pg. 87).

The SAWS recorded monthly averages of pressure and wind speed (see Table 2) show varying
relationships with ground temperatures in the different months. For instance, the high positive
correlations of pressure with ground temperatures during the months of January, August,
September and December correspond to the monthly averages of 881.38 hPa, 882.16 hPa, 875.21
hPa, and 891.62 hPa respectively. During these months, near-surface (ground) temperatures
corresponded positively to the average pressure values (see Figure 10). Conversely, the negative
correlations of wind speed with ground temperatures can also be seen from Table 2 and Figure 10.
The highest correlations between wind speed and ground temperatures were during January, May,
November and December. The average wind speeds during these months were 8.53 m/s, 13.72 m/s,
9.34 m/s and 5.84 m/s. During these months, ground temperatures corresponded negatively to the
average wind speed values, indicating an inversely proportional relationship between wind speeds

and ground temperatures.
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Table 2. Monthly averages of SAWS meteorological parameters

- Temperature (°C) Humidity (%) | Wind Speed (m/s) | Wind Direction (°)
(hPa)

-10.02 881.65 69.65 10.11 106.54
m -16.31 879.69 71.18 12.02 107.88
.~ d1B7L 87571 7860 1372 97.08
m -25.65 874.66 58.37 11.43 115.05
[ Aug | -20.81 882.16 66.02 11.84 101.04
m -16.97 873.95 67.07 11.64 100.84
m -6.20 891.62 59.03 104.59
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Figure 10. Average ambient air and ground temperature and pressure at Vesleskarvet in 2016
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A comparison between seasonal and selected synoptic and diurnal events, as shown in Table 3,
shows that the highest recorded average temperature was during the synoptic event in August (-
10.42 °C), while the lowest was during the synoptic and diurnal event in June (-27.89 °C). For the
selected synoptic and diurnal events, please refer to Section 4.3.3. (pg. 55). The low average
temperature in June is synchronous with the low average temperatures recorded in winter.
However, the high average temperature in August appears to be anomolous with its season and the
following season. On the other hand, the high variance and range of temperatures in spring and
winter correspond positively with the high variance of the synoptic and diurnal events of August and
June. The same phenomenon is seen between November and summer. Although November has
been designated as part of spring, the statistics were recorded at the end of the month, which could
qualify as the beginning of summer, given that the divisions of the seasons have been designated

arbitrarily for the purposes of this analysis, based on Kotzé (2015).

Table 3. Summary statistics for Temperature for 2016

[ | Average | Sample Variance | Range | Minimum | Maximum |
N 14632 0S4 080 5501 50

-27.89 10.00 -32.20 -22.20

-16.16 20.74 24.50 -28.50 -4.00

wimeru)__ SR
Spring (SON) -17.10 30.81 29.70 -33.70 -4.00

The highest recorded pressure from the selected events, as presented in Table 4, was during an
August synoptic event (901.6 hPa), while the lowest (866.1 hPa) was during a June synoptic and
diurnal event. Conversely, the highest recorded seasonal pressure (905 hPa) was in winter and the
lowest was in spring. Although the difference between the seasonal average pressures is minimal,

the variability of pressure differs greatly between seasons.

For instance (see Table 4 and Figure 10), the average pressure in spring (119.26 hPa) is more variable
than in all the other seasons throughout the year, while summer has the lowest variability of
average pressure (37.63 hPa). In addition, the range of the average pressure in spring was higher
than all the other seasons throughout the year, with a minimum pressure of 840.9 hPa and a
maximum pressure of 902hPa, while that of summer is the lowest with a minimum pressure of 862

hPa and a maximum of 895.3 hPa).
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Table 4. Summary statistics for Pressure for 2016

| | Average | sample variance | Range | Minimum | Maximum |
Al Year _____

my 870.69 .00 866.10 874.10

886.03 883.20 889.00
Autumn (MAM) 876.84 49.57 43.40 853.10 896.50
RCAULE 87788 8297 5360 85140  905.00
Spring (SON) 879.55 119.26 61.10 840.90 902.00

The average humidity levels recorded for 2016 (Table 5) show that autumn had the highest average
humidity level (73.47 %), while winter, the season directly after autumn, had the lowest average
humidity level (61.95 %). These correlate with average pressure values that seem to be inversely
proportional to humidity levels of the corresponding seasons. However, an analysis of selected
events shows that the highest recorded humidity level was in August (93.50 %) while the lowest was

inJune at 24.30 %.

Additionally, throughout the seasons, humidity levels were highly variable, with summer presenting
maximum variability and winter presenting minimum variability. The highest range of humidity levels
was in summer with a minimum humidity level of 11.60 % and a maximum of 92.70%. On the other
hand, the lowest range of humidity levels was in spring with a minimum humidity level of 21.50 %
and a maximum of 89.20 %. Interestingly, summer displayed the lowest minimum humidity level,
while spring showed the highest minimum humidity level. However, winter had the highest

maximum humidity level while spring had the lowest minimum humidity level.

Table 5. Summary statistics for Relative Humidity for 2016

| Average | sample Variance | Range | Minimum | Maximum __|
Al Year . 6676 28278 8230 1160 9390

40.17 125.02 32.30 24.30 56.60

72.53 71.61 35.90 48.50 84.40

73.47 289.91 80.10 12.20 92.30

Winter (JA) PRI PRI e e
Spring (SON) 65.88 233.12 67.70 21.50 89.20
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The variability of ambient air and ground temperatures differs throughout the year. In comparison,
near surface temperatures are more variable than air temperatures as well as more variable than
temperatures at the 15 cm depth, as can be seen from the range and variance values in Table 6. The
variability diminishes with increasing depth. However, detailed analysis of seasonal average
temperature shows that the variability of air and ground (near surface) temperatures changes and
alternates between seasons (see Table 7). Both ambient air and ground temperatures are highly
variable in spring. However, ambient air temperatures are less variable in summer while ground

temperatures are less variable in winter.

Table 6. Summary statistics of logging station variables at Vesleskarvet

Air (1m) Near 15cm 30cm 45cm 60cm
Surface

-21.18 -25.50 -21.18 -21.18 -21.18 -20.99

__---_

0.08 0.78 0.34 0.35 0.39 0.39

It o 518 339 3198 2964 -28.56

Confidence Level (95.0%)

Table 7. Summary statistics of ambient air and ground seasonal temperatures (°C)

I O N N

-8.28 -6.29 -15.64 -16.06 -22.66 -23.89 -13.80 -17.57

Range 17.36 23.38 16.1 28.85 13.3 36.98 24.36

0.69 10.07 -6.08 -7.14 -4.74 -15.13 4.5 -4.16
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A comparison between summer and winter average temperatures, displayed in Table 7, shows that
the maximum near-surface temperatures in summer were higher than the maximum ambient air
temperature (10.07 °C and 0.69 °C, respectively). In addition, ambient air temperature recorded the
lowest minimum temperature through all seasons. Although minimum near-surface temperatures (-
13.31 °C) were higher than the minimum ambient air temperatures (-16.67 °C), summer near-surface
temperatures nonetheless had the widest range and were highly variable. In contrast, ambient air
temperatures were more variable in winter than near-surface temperatures because they recorded
both the highest maximum and lowest minimum temperatures, giving a wide range between the

maximum and minimum temperatures.

4.2. Objective 2: Regionality of Ground Thermal Regimes

Objective 2 expands from the first objective in that it considers the regionality/spatiality and
synchronicity of ground temperatures using Vesleskarvet as the main site of reference. Air
temperature recorded by the weather station in Vesleskarvet was used to analyse the spatial effects
of weather influences over a wider region. Of the sites studied, the SAWS recorded average air
temperature had the highest correlation with the Schumarcherfjellet average air temperatures (r =
0.990) as presented in Table 8. The correlation magnitude diminished with increasing depth across
all sites. Paradoxically, Vesleskarvet had the lowest overall air and ground temperature correlations
with air temperature from the weather station, albeit being the reference site. Additionally, while
temperature correlations decrease with increasing depths with other sites, Vesleskarvet
temperature correlations are irregular. Of great interest is that Troll, even though it is the furthest
site from Vesleskarvet in addition to having a deeper borehole (up to 2m), displayed a positive

correlation with air and ground temperatures.

Table 8. Pearson’s Correlations (r) of the SAWS average air temperature with average ambient air

and ground temperatures of all sites for 2016

L lAir |Nearsurface |15cm [30cm ]45cm |60cm
0620 0727 0715 0747 0793

0.987 0.954 0933 0905 0.882  0.869
KEICO N 0920 0914 0897 0874 0862 0851
0.984 0.942 0925 0916 0900  0.884
| Schumarcherfiellet JROCEII VR B OE SO el o e
[ Flarjuven ~ [OEE] 0.941 0929 0911  0.895  0.882
EEUZ 0957 0 0948 0875 0821 0794 0774
0.954 0.927 0865 0819 0763  0.693
| Troll Ground Depth [ 50cm | 100cm [ 150cm [ 200cm |
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Daily average temperatures for Vesleskarvet display a highly variable thermal ground near the
surface in comparison to the air above the ground and ground at deeper levels. The high variability
of the near surface daily average temperatures is confirmed by the large range of temperatures with
the minimum average temperature registering -27.98 °C while the maximum average temperature
registers 3.98 °C (see Table 9). In fact, the variability of air temperatures, ground temperatures and
temperatures down the ground profile correlate perfectly with their temperature ranges with
ground temperatures presenting the largest range of daily average temperatures and 60 cm below
the ground presenting the lowest range as well as the lowest variability of daily average
temperatures. The lowest average temperature was recorded near the ground surface at -16.85 °C

while average air temperatures yielded the highest average temperature at-16.17 °C.

Table 9. Vesleskarvet: summary statistics of daily average temperatures for 2016

 TArum Tnearsuisce  [isom 30m leoem |

Sample Variance 46.56 50.76 42.64 37.46 30.14

-31.07 -27.98 -28.13 -26.78 -24.97

. s 31% 2771 2471 2050
| Minimum |

In contrast to Vesleskarvet, Robertskollen registered a lower average air temperature compared to
ground temperatures, albeit higher average temperatures throughout the ground profile and the air
above the ground (see Table 10). Furthermore, average temperatures at the 15 cm depth (-12.97 °C)
were lower than near-surface average temperatures (-12.83 °C) while 30 cm deep average

temperatures were equaI to near surface average temperatures.

Similarly to Vesleskarvet, Robertskollen presents highly variable average near-surface temperatures
in comparison to average air temperatures, with a diminishing variability with increasing depth
although it displays a different active layer thermal regime. However, in contrast to Vesleskarvet,
temperatures at 15 cm below the ground are more variable than air temperatures. This corresponds
to the range of the average temperatures as well with average near surface temperatures displaying
a minimum of -26.97 °C and a maximum of 4.53 °C while average air temperatures range from a

minimum of -28.59 °C to a maximum of 1.25 °C.
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Table 10. Robertskollen: summary statistics of daily average temperatures for 2016

 Thrtm) INearswiace isem [30om lasem leoem |

L s 1283 1297 1283 1276 1274
49.23 85.40 65.43 55.60 49.30 45.75
. 2984 3899 3150 2642 2354 2201
| Minimum |

-28.59 -30.33 -26.97 -24.38 -23.24 -22.61

Valterkulten presents average temperatures that are different from both Vesleskarvet and

Robertskollen as presented in Table 11. Average air temperatures (-16.41 °C) are lower the average
ground temperatures (>-15 °C). Additionally, average temperatures increase with an increasing
depth, dropping at 60 cm below the ground. However, similarities between Valterkulten and
Vesleskarvet lie in the variability of the average temperatures. Average near surface temperatures
are more variable than air temperatures with a higher average maximum temperature recorded at
8.05 °C and a lower average minimum temperature at -33.14 °C giving the largest range of

temperatures compared to the air and deeper ground temperatures.

Table 11. Valterkulten: summary statistics of daily average temperatures for 2016

 Tartm) Nearsuiace lisem [30om lasom |ooem |

[Mean |l ] ] Lon] el
50.03 8657 7126  56.28  49.13  43.93
IEE I ) T B

-32.25 -33.14 -29.21 -26.68 -25.32 -24.77

Grunehogna, as presented in Table 12, recorded the lowest average minimum near surface

temperatures and as will be seen later, the lowest average near-surface temperature throughout all
the sites. However, it recorded the highest average maximum temperature (5.97 °C), significantly
overshadowing average maximum air and ground temperatures that were mostly below 0 °C for

most of the year.

Additionally, average near-surface temperatures (-33.80 °C) recorded the lowest average minimum
temperature after average air temperatures (-34.80 °C). Nevertheless, average near-surface
temperatures were the most variable and had the largest temperature range in comparison with
average air and ground temperatures similarly to the previously discussed sites. Additionally, near

surface average temperatures were higher than both air and ground temperatures at -18.07 °C.
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Table 12. Grunehogna: summary statistics of daily average temperatures for 2016

TArdm [Nearswfae lisem [30em [asom laoom

IO =77 7 E I T
51.58 86.91 6570 5870 5146  45.65
ESITCON I - B TN ) B
Minimum

-34.80 -33.80 -30.46 -29.73 -28.46 -27.84

Average near-surface temperatures in Schumarcherfjellet, in the same way as Vesleskarvet and the

other sites, are more variable and have the largest range of temperatures than air and ground
temperatures, with a minimum of -32.19 °C and a maximum of 2.96 °C (see Table 13). Additionally,
the degree of the fluctuation is in the same magnitude as Vesleskarvet (sample variance > 50).
Average ground temperatures are considerably higher than average air and near surface
temperatures. The average temperature trend appears to be increasing from the air above the
ground right to 30 cm below the ground before it decreases, noted by -15.86 °C at a depth of 45 cm

below the ground.

Table 13. Schumarcherfjellet: summary statistics of daily average temperatures for 2016

 TArim [Nearsudsce |isem | 30cm |asem | adem |
I 5 2 67 597 dss s 5%

Sample Variance 44.70 55.34 52.09 49.28 46.55 44.15

o 3L 3515 2926 2660 2467 2299
| Minimum |

-32.81 -32.19 -29.28 -27.83 -26.99 -26.25

Flarjuven, as displayed in Table 14, recorded average near-surface temperatures that were more

variable than average air temperatures (almost twice the variability). Furthermore, air temperatures
are less variable than near surface and ground temperatures except for the 60 cm depth. However,
they (air temperatures) had a higher range of temperatures than ground temperatures after near
surface temperatures. Near surface temperatures had the highest range with a minimum of -32.58
°C and a maximum of 6.05 °C. Unlike Vesleskarvet and other sites already discussed, near surface
average temperatures were higher than both air and ground temperatures at -17.14 °C with

temperatures decreasing steadily from near the surface down through the ground profile.
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Table 14. Flarjuven: summary statistics of daily average temperatures for 2016

 Thtm) INearswiace isem [30om |asem leoem |

L 2 1714 1729 17.33 1736 -17.44
49.88 82.89 64.32 56.57 51.33 46.97
__----

-34.64 -32.58 -29.83 -28.43 -27.48 -26.90

Slettfjell, even though is the site furthest south of Vesleskarvet, still shares the same characteristics

as Vesleskarvet and the other sites. It has averaged near-surface temperatures that are more
variable than average air and ground temperatures (see Table 15). Its average temperatures increase
from the air above the ground right through to 45 cm below the ground before they start to

decrease from 60 cm below the ground.

Unlike all the other sites, Slettfjell recorded average maximum temperatures that were well below 0
°C, with average maximum temperatures near the surface being the highest. However, it is worth
mentioning that temperature data logging for Slettfjell continued until 01 May. Therefore, the lack
of a full year temperature record means that analysis of the active layer thermal regimes yields

inconclusive results in comparison to the other sites.

Table 15. Slettfjell: summary statistics of daily average temperatures for 2016

— TAr(m) TNearsuiace |i5em |30em |dsem leoem
CTE 57 00 52 4451 a6l 449 45

Sample Variance 23.32 27.86 22.55 20.76 18.97 16.51

__----

-29.29 -27.85 -23.85 -22.35 -21.59 -21.37

Troll, similar to Flarjuven, has a higher near-surface average temperature (-16.30 °C) with average air

and ground temperatures displaying a decreasing trend with the exception of near-surface average
temperatures (see Table 16). In the same way as all the other sites, Troll has a significantly highly
variable near surface average temperatures. The variability of temperatures decreases with

increasing depth from near the ground surface.

However, air temperatures have the highest range with the minimum being -39.05 °C and the
maximum being -1.05 °C. On the other hand, the range of temperatures decreases from the ground
surface right through the ground profile with near surface temperatures ranging from a minimum of

-33 °C to a maximum of 1.97 °C which is the highest maximum temperature in comparison with air
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and ground temperatures. Despite being across the Jutulstraumen glacier, average temperatures are

of the same magnitude as those at Vesleskarvet (T > -16 °C for both sites).

Table 16. Troll: summary statistics of daily average temperatures for 2016

 TArm[Nearsudace | s0cm | 100em | i50em | 200em |
[N 5 60 6% 6ot sl 1702

Sample Variance 84.31 107.12 63.25 46.39 34.18 25.30

__----

-39.05 -33.00 -28.85 -26.90 -25.28 -23.95

The regionality and synchronicity of temperatures in Western Dronning Maud Land (WDML), from

Robertskollen to Slettfjell and across the province to Troll, can better be represented graphically as
shown in Figures 11 — 16. The high synchronicity between average air temperatures recorded by the

weather station at Vesleskarvet and Schumarchefjellet average air temperatures is clearly visible in

Figure 11.
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Figure 11. Daily average SAWS air and ambient air temperatures

With exceptions of specific events, the highest average air temperatures throughout the year were

recorded at Robertskollen. On the other hand, the lowest average air temperatures varied between
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sites with Slettfjell, Grunehogna and Flarjuven dominating during the summer months, while Troll
dominated during the winter months. The range of air temperatures between the sites also differs
with changing seasons. During the summer months, the range of air temperatures between the sites
is minimal. It starts to increase during the autumn months, reaching a maximum during the winter
months before it decreases again during the spring months before reaching a minimum again in

summer.

In comparison to average air temperatures, the range of near-surface average temperatures
between sites is minimal as shown in Figure 12. However, unlike air temperatures, average near-
surface temperatures exhibit a large range of inter-site temperatures during summer months. This
large range of temperatures shows a diminishing effect around late autumn when temperatures
decrease as winter conditions start to dominate. Towards the end of spring, the range in

temperatures starts to widen again as summer conditions start to dominate.
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Figure 12. Daily average SAWS air and near-surface temperatures

Once more, Robertskollen average temperatures are the highest throughout the year. Valterkulten
has the second highest average near-surface temperatures as can be seen in Figure 12. Conversely,

Slettfjell has the lowest average near-surface temperatures during the summer months along with
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Schumarcherfjellet. During winter months, Grunehogna and Flarjuven display the lowest average
temperatures with Troll occasionally displaying the lowest averages during specific synoptic events.
Similar to average air temperatures, Schumarcherfjellet shows a high synchronicity with the SAWS
recorded average air temperature. However, this synchronicity varies with seasons, with winter

showing the greatest synchronicity while summer presents the lowest synchronicity.

On average, temperatures below the ground exhibit similar patterns as shown by Figures 13 — 16.
Additionally, these patterns are similar to trends shown by the near surface average temperature
graph (see Figure 12). Robertskollen has the highest average ground temperatures throughout the
year. On the other hand, Valterkulten average ground temperatures dominate after Robertskollen
during summer months while Vesleskarvet average ground temperatures dominate during the
diurnal events in autumn and spring and Schumarcherfjellet average ground temperatures dominate

during the winter months.

The range of inter-site temperatures is similar throughout the ground profile. During summer, the
ground has a range of temperatures that are higher than during the autumn and winter months.
However, unlike air and near-surface temperatures, the range of temperatures starts to increase at

the beginning of spring, reaching a maximum in summer.
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Figure 13. Daily average 15 cm deep temperatures
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Figure 15. Daily average 45 cm deep temperatures
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Figure 16. Daily average 60 cm deep temperatures

SAWS and Troll average air temperatures have not been compared with average ground
temperatures because they were significantly higher as supported by the decreasing correlation
highlighted in Table 8 earlier in the section. Troll, on the other hand, has not been compared
because of the differences to the other sites in depths where temperatures were recorded. Ground
temperatures at other sites were recorded at 15 cm intervals while temperatures at Troll were
recorded at 50 cm intervals. Additionally, at the 45 cm depth, trends in Vesleskarvet temperatures

could not be deduced due to incorrect temperature readings resulting from a faulty sensor.

4.3. Objective 3: Active Layer Depth Analysis

4.3.1. Soil Properties

The behaviour of any type of soil is governed by the properties that define it. Three main soil
properties — physical, chemical, and/or biological properties — play a role in how soils respond to
changes in the environment caused by different climatic and atmospheric factors. Consequently, soil
types are classified primarily according to climatic zones (Courtney and Trudgill, 1984). Soils in

Antarctica are classified as Gelisols because they have little profile development as a result of the

46



perennial sub-zero temperatures that inhibit the soil formation process. In addition, they are

characterized by the presence of a permafrost layer (Weil and Brady, 2017).

The amount of water, or moisture content, within a soil profile, plays a crucial role in the formation
of soil. The very low values for water content in the selected sites, as highlighted by the Gravimetric
and the Volumetric Water Content (VWC), strongly correspond to the bulk densities of soil at each

site (see Table 17).

Table 17. Soil physical properties at selected study sites

Wet Soil i Mass & Gravimetric Volumetric Bulk
. . Volume Water R
Soil Sample Site Sample S Water Density
() of water Content (%) Content (g/cm?)
(cm?) (cm®/cm?®)
Sttifiel ---——-
Troll 405.66 405.38 0.0691 0.00117 1.689

Grunehogna 380.34 0.3536 0.00558 1.579

Valterkalten 425.67 421.73 0.9343 0.01642 1.757

---——-
525.2 499.86 25.34 5.0694 0.10558 2.083

Of all the study sites, soil at Vesleskarvet has the highest bulk density, followed by Robertskollen,
Valterkulten and Troll, and the highest water content (refer to Table 17). However, soil at Flarjuven
has the second highest water content followed by Valterkulten and then Robertskollen. Soil at
Slettfjell has the lowest bulk density, followed by Flarjuven, Grunehogna and Schumarcherfijellet.
Soil at Troll has the lowest water content after Slettfjell. However, although it has a higher bulk
density compared to Schumarcherfjellet and Grunehogna, it has the lowest water content in relation

to the two sites.

Soil particles of < 63 um describe particles ranging from coarse silt to clay particles (see Appendix A.
for sedimentary particles size grades, pg. 85). Depending on the soil type, soil particles of < 63 um
have the capacity to hold and retain moisture within soil due to a widespread distribution of pore
size and a larger particle surface area (Bilskie, 2001). Flarjuven has the highest proportion of soil
particles of < 63 um (13.57 %) followed by Vesleskarvet (7.46 %) and Valterkulten (3.55 %) (refer to
Fig. 17). These percentages directly correspond with the water content within the respective soils. In

contrast, the proportion of soil particles of < 63 um at Schumarcherfjellet (1.19 %), Troll (0.85 %),
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Slettfjell (0.39 %), Robertskollen (0.31 %) and Grunehogna (0.05 %) seem to be inversely

proportional to the water content available within the soil.

Overall, the soils of all sites, with the exception of Slettfjell and Schumarcherfjellet, have the bulk of
their particles distributed between coarse sand and clay (see Fig. 18). Slettfjell and
Schumarcherfjellet have the highest proportion of medium gravel (Phi size -3.0 @). Flarjuven and
Vesleskarvet appear to have similar distributions of their particles — they have the lowest
distribution between fine gravel and medium gravel (Phi size -1.0 ¢ to -3.0 @). Conversely, Slettfjell
and Grunehogna have the highest distributions of particles between coarse sand and fine gravel (Phi

size 0.0 ¢ to -3.0 @).

Particle Size Proportions

Figure 17. Proportions of particle sizes at each study site
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Particle Size Distribution of Soil Samples
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Figure 18. Cumulative distribution of particles sizes at each site

4.3.2. Active Layer Depth

The depths of the active layers were determined by observing the cryofront, which is the boundary
between the seasonally non-cryotic ground (the active layer) and the perennially cryotic layer
(permafrost). The cryofront is seen when the maximum ground temperature intercepts the 0 °C
isotherm (Dobinski, 2011). The depth profiles of the 8 sites shown in Figures 19-26 illustrate the
active layers of the year 2016, as well as the mean active layer depth averaged over the total

monitoring years of the individual borehole sites.

The active layer depth at Vesleskarvet in 2016 measured 24 cm, while the average annual active
layer depth for a period of seven years from 2009-2016 was also 24 cm (see Fig. 19). Maximum
ground temperatures exhibit a smaller inter-annual variability when compared to minimum ground

temperatures.
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Figure 19. Soil thermal profiles with depth at Vesleskarvet from 2009 to 2016

Robertskollen, on the other hand, had a deeper active layer at a depth of 51 cm in 2016 (see Fig. 20).

The average annual active layer depth averaged over 4 years from 2013-2016 was also much deeper

than that at Vesleskarvet, exceeding the measured borehole length at 60 cm. The inter-annual

variability exhibited by the maximum ground temperatures seem to be slightly smaller than that of

the minimum ground temperatures in comparison to Vesleskarvet.

The active layer depth at Valterkulten in 2016 was 29 cm (see Fig. 21), which was also deeper than

that at Vesleskarvet. The mean active layer depth averaged over a period of 4 years from 2013-2016

was 4 cm deeper than that at Vesleskarvet, at 29 cm. Disregarding the depth profile of 2015, there

appears to be no difference in the inter-annual variability exhibited by both maximum and minimum

temperatures, as they both exhibit a smaller inter-annual variability. The higher minimum

temperatures of 2015 are a result of an incomplete data set. Data logging in 2015 for Valterkulten

persisted just until 12-February, therefore giving readings for only the summer period
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Figure 21. Active layer depths at Valterkulten
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The active layer depth at Schumacherfjellet in 2016 was measured at 16 cm, 8 cm shallower than the
active layer at Vesleskarvet (see Fig. 22). However, the mean active layer depth averaged over 4
years from 2013-2016 was deeper than that at Vesleskarvet, at 30 cm. Akin to Vesleskarvet, the
minimum ground temperatures exhibit a larger inter-annual variability than maximum ground

temperatures.
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Figure 22. Active layer depths at Schumarcherfjellet

Grunehogna had a shallower active layer compared to Vesleskarvet in 2016. Its active layer had a
depth of 21.5 cm (see Fig. 23). On the other hand, the mean active layer depth averaged over 4 years
from 2013-2016, was deeper, at a depth of 29 cm. However, unlike Vesleskarvet, the maximum
ground temperatures exhibit a larger inter-annual variability than the minimum ground

temperatures.

The active layer depth at Flarjuven in 2016 was 25 cm as shown by Figure 24. It was slightly deeper
than the 2016 active layer at Vesleskarvet. However, the mean active layer depth averaged over a
period of 4 years was significantly deeper than the average active layer depth at Vesleskarvet, at 30
cm. Disregarding the depth profile of 2014, maximum ground temperatures exhibited a larger inter-
annual variability than minimum ground temperatures. Data logging in 2014 was part of the 2013

data logging season that ended on 10-January-2014.
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Figure 23. Active layer depths at Grunehogna
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Figure 24. Active layer depths at Flarjuven
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The active layer depth at Slettfjell was significantly shallower than that at Vesleskarvet and all the
other sites, at 10 cm (see Fig. 25). However, it should be noted that the Slettfjell 2016 data were
incomplete, and data were recorded only until 01-May. A more representative depiction of the
active layer could be inferred from the mean annual active layer depth averaged from 2013 to the
first quarter of 2016. Nevertheless, the mean active layer depth is still significantly shallower than all
the other sites, at 11.8 cm. Similarly to Flarjuven, disregarding the depth profile of 2016, maximum

ground temperatures exhibit a larger inter-annual variability compared to Vesleskarvet.
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Figure 25. Active layer depths at Slettfjell

Troll, being the site furthest from Vesleskarvet, has the second deepest active layer. In 2016, the
active layer depth was 36 cm, while the mean annual depth averaged from 2007-2016 was 40 cm
(see Fig. 26). Disregarding the depth profile of 2009, the inter-annual variability is the same for both
the maximum and the minimum ground temperatures, as they are both large. Data logging in 2009

persisted only until 25-May.

54



Ground Temperatures (°C)
-40 -35 -30 -25 20 -15 -10 0 5
o R T
W\ W
NN
\ W \
20 X \ \ \
R
AR W, “
\ \ \ [N} ‘\
40 SN . —— 2007-2016 Max
“ - . \Y
\ i\ \“ AN “ — . 2007-2016 Min
) . )
Y ! \ - = 2007 Max
N W .
60 \\|‘\ \'|‘ “ \\‘ ====2007 Min
VLAY ' 2008 Max
\ 'L}
W o Y )
80 \ \‘\ B \ \ 2008 Min
v\ \ = = 2009 Max
E TR \
S ‘\\‘ a0y \ = ===2009 Min
B \
i LA L ! — = 2010Max
@ AN
3 \‘\ 3 ! ====2010Min
[\ ‘ \ 1
. ] = = 2011 Max
-120 \‘ L H
T\ 1 \ ====2011Min
|y '
\
'\ \ \ ! 2012 Max
- T W \
140 s £ ! 2012 Min
'\ 1
\ l\‘l \ 1 ——— 2014 Max
LI ¢
N ' )
-160 'l v : —— - 2014 Min
\
\ '\ \\ 1 ——— 2015 Max
LT !
10 L] e+ 2015 Min
.180 L \
[ ' 2016 Max
) |
\ |I . : =— .+ 2016 Min
|
200 ik H
Figure 26. Active layer depths at Troll

4.3.3. Thermal Propagation

The ground thermal profile is dependent on the transport processes of heat within the ground as

well as the exchange of heat between the soil and the atmosphere (Koorevaar et al., 1983). Thermal

propagation through the soil profile relies on the soil particle size, bulk density, the specific heat

capacity, and the thermal conductivity, and it can happen via three processes; through conduction,

convection and diffusion (Schaetzl and Anderson, 2005). The rate at which temperature propagates

through the ground represents thermal lag, which is the time required for the temperature (heat) to

be transferred to, or from, a certain depth (Schaetzl and Anderson, 2005).

Determining the thermal lag of soil accurately can be challenging. Instead, two methods commonly

used to produce results that are as close to reality as possible are the heat transfer method and an

observational method where the thermal propagation rate is calculated by tracking temperature

events through the ground profile (Wilhelm and Bockheim, 2017). The observational method was

used over the heat transfer method because it factors in the varying delay time through the ground

profile based on the soil texture, water content, depth and the magnitude of temperature change

(Wilhelm and Bockheim, 2017). The heat transfer method, on the other hand, is a theoretical

method that assumes steady-state conditions where the water content remains unchanged through

the soil profile (Wilhelm and Bockheim, 2017).
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The thermal propagation rate was calculated using three observed events, and the time taken for
the events to be reflected at the maximum monitored depth at the sites. The transmission start
depth for all sites was 1 cm and the maximum monitored depth was 60 cm, with the exception of
Troll where the maximum depth was 200 cm. The events chosen for most sites were two low-
pressure systems recorded by the Australian Meteorological Division (AMPS) that brought about a
noticeable drop in temperatures (see Figures 27-34). One was on 02-June and one was on 17-

November.

A further event was the substantial increase in temperatures in August. It is important to point out
that for Slettfjell, calculations for thermal propagation were done on an event that occurred in April
during which there was a rise in temperatures. Analysis for the June, August and November events
could not be performed for Slettfjell because there is no recorded data from May to December.
Similarly, analysis for Troll involved only one event, in August, when it was easier to determine
changes through the ground profile. The other events exhibited a dampening effect through the

ground profile from 50 cm downwards.

The thermal propagation rate was calculated when the passage of the cyclones was first reflected on
the ground surface. For the June event, the cyclone passed along the coast on the 2" of June and
was consequently reflected inland on 10-June for Robertskollen and 12-June for the other sites. For
the November event, the cyclone passed along the coast on 17-November and was first reflected on
26-November for Vesleskarvet, Valterkulten, Grunehogna, and Schumarcherfjellet; and on 27-
November for Robertskollen and Flarjuven. The August event was calculated from 12-August for all

sites excluding Flarjuven and Slettfjell. For Slettfjell, the April event was calculated from 20-April.

The number of hours starting from when the event was reflected on the ground surface all the way
to the maximum observed depth varied for all sites. For the April event for Slettfjell, the number of
hours was 17 hrs. For the June event, the number of hours for each site excluding Slettfjell and Troll
were 13.17 hrs (Vesleskarvet), 3 hrs (Robertskollen), 3 hrs (Valterkulten), 1 hr (Grunehogna), 20 hrs
(Schumarchefjellet), and 16 hrs (Flarjuven). For the August event, the number of hours for each site
excluding Slettfjell were 20.67 hrs (Vesleskarvet), 7 hrs (Robertskollen), 6 hrs (Valterkulten), 4 hrs
(Grunehogna), 6 hrs (Schumarcherfjellet), 7 hrs (Flarjuven), and 15 hrs (Troll). Lastly, for the
November event, the number of hours for each site excluding both Slettfjell and Troll were 7.67 hrs
(Vesleskarvet), 13 hrs (Robertskollen), 12 hrs (Valterkulten), 11 hrs (Grunehogna), 12 hrs

(Schumarcherfijellet), and 11 hrs (Flarjuven).
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If Slettfjell and Troll are excluded from the average thermal propagation rate analysis, it can be seen

from Table 18 that Vesleskarvet had the lowest average thermal propagation rate of 5.05 cm/h while

Grunehogna had the highest average thermal propagation rate of 26.37 cm/h. Valterkulten had the

second

highest average rate (11.47 c<m/h), followed by Robertskollen (10.88 cm/h),

Schumarcherfjellet (5.90 cm/h) and Flarjuven (5.83 cm/h).

Table 18. Thermal lag times at each study site

Thermal propagation (cm/h)
4.60 2.85 7.69 5.05

Vesleskarvet

[ Valterkulten | 19.67 9.8 11.47
-----
Schumarcherfijellet 2.95 9.8

3.47

-----
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In June, the highest thermal propagation rate was in Grunehogna (59 cm/h), followed by
Robertskollen and Valterkulten (19.67 cm/h), Vesleskarvet (4.6 cm/h), Flarjuven (3.69 cm/h) and,
Schumarcherfjellet (2.95 cm/h). In August, the highest thermal propagation rate was still in
Grunehogna (14.75 cm/h) followed by Valterkulten and Schumarcherfjellet (9.83 cm/h),
Robertskollen and Flarjuven (8.43 cm/h), Troll (3.93 cm/h) and Vesleskarvet (2.85 cm/h). In
November, the highest thermal propagation rate was in Vesleskarvet (7.69 cm/h), followed by
Grunehogna and Flarjuven (5.36 cm/h), Valterkulten and Schumarcherfjellet (4.92 cm/h) and

Robertskollen (4.54 cm/h). Slettfjell had the lowest overall thermal propagation rate of 3.47 cm/h.

Site specific characteristics influence how the soil and ground respond to different climatic and
meteorological variables. As presented in this chapter, the variability of meteorological phenomena
has a spatial effect both laterally and temporally. Following is a discussion on the presented results

and what they mean for the periglacial environment of Western Dronning Maud Land.
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Chapter 5: Discussion

5.1. The influence of weather variables on Vesleskarvet thermal regimes

An analysis of the weather variables, temperature, pressure, humidity, wind speed and wind
direction at Vesleskarvet shows that only temperature, pressure and humidity have a strong
influence on ground thermal regimes in Vesleskarvet with temperature showing the highest

influence.

The variability of ambient air and ground temperatures differs throughout the year. In comparison,
near surface temperatures are more variable than ambient air temperatures (see Table 6) which
suggests that ground (near surface) temperatures are influenced by more than variations in air
temperatures, while air temperatures have a greater influence at depths near the ground surface
with a diminishing effect with greater depths (Ishikawa, 2003). To further elucidate this
phenomenon, near surface temperatures throughout the year are more variable than temperatures
at the 15 cm depth, as can be seen from the range and variance values in Table 6. However, detailed
analysis of seasonal average temperature shows that the variability of air and ground (near surface)
temperatures changes and alternates between seasons. Both ambient air and ground temperatures
are highly variable in spring. However, ambient air temperatures are less variable in summer while

ground temperatures are less variable in winter.

Temperature variability in spring can be compared to the autumn temperature variability given that
in spring, Western Dronning Maud Land (WDML) experiences day and night cycles just as in autumn.
Similarly, the summer temperature variability can be compared to the winter temperature variability
since WDML experiences 24-hour sunlight in summer while in winter, the amount of shortwave solar
radiation reaching the ground surface is minimal because of the approximately 3-month long night

time.

The high variability of ambient air temperatures in winter is possibly indicative of large synoptic
events that have a greater effect in the absence of warming due to an extremely reduced shortwave
solar radiation. According to Bintanja (2000), the passage of cyclones along the coast in winter have
an influence on ground thermal regimes because they produce easterly geostrophic winds that
interact with katabatic winds in the boundary layer to produce strong boundary layer winds. To
elucidate this point, wind speed was found to have some influence on ambient air and ground

temperatures in May.
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On the other hand, winter ambient air temperatures could be highly variable due to the moderately
low average relative humidity of winter. Even though humidity is variable throughout the year, with
summer being the most variable, winter was the least variable in addition to presenting the lowest
average humidity level. Conversely, the high average pressure of winter supports the relatively low
humidity levels and low precipitation events. It is worth noting that the difference between the
average seasonal pressures is relatively minimal and they are all relatively high. Given the reported
conditions, lack of solar radiation coupled with low average relative humidity and the persistence or
low variability of the high-pressure system, result in air that cannot retain heat, hence the highly

variable ambient air temperatures in winter (Keys, n.d).

Near-surface temperatures are less variable in winter because of the occasional intense storms
along the coast that bring snow into the interior. Since snow has properties of an insulator, the
minimum radiation from the sun during winter is trapped within the ground causing temperatures
within the ground to rise and fall at a slow rate (Brown, 2012). Interestingly, there was a significant
increase in both pressure and air and near-surface temperatures in August. This significant increase
positively coincides with the expansion of the sea ice in winter. While no documentation exists, it
may be that the expansion of the sea ice releases latent heat in the atmosphere along the coast

which in turn might have a delayed reaction on temperatures in the interior (Meiklejohn, 2017).

Vesleskarvet is situated in a region that experiences solar radiation that is almost symmetrical.
During summer, it experiences nearly 3 months of sunlight, when near surface temperatures show
the greatest changes and have the highest maximum values. The opposite of this trend occurs in
winter where for 3 months it receives next to zero solar radiation as it is plunged into a perpetual
night time. Alternatively, for approximately 6 months, 3 months in autumn and 3 months in spring,

Vesleskarvet experiences a diurnal (roughly 12-hour day and 12-hour night) cycle.

Air temperatures observed during the winter period show the highest variability, followed by near
surface temperatures. The air temperatures have the highest maximum values and temperatures
near the surface have the lowest minimum values. Autumn and spring seasons display a mirror
effect because of the day and night cycles giving rise to diurnal influences during these seasons (see
Figure 10). In the autumn months, as the season changes to winter, the decreasing temperatures are
caused by the decrease in solar radiation, whereas in spring going into summer, the rise in
temperature is a result of increased solar radiation. Although ambient air and ground temperatures
exhibit a mirror effect during autumn and spring, it is worth noting that temperatures in spring are

more variable showing higher maximums and lower temperature minimumes.
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The behaviour of air and ground temperatures throughout the different seasons can further be
explained by greater synoptic events that operate globally and have far-reaching effects. The
Southern Annular Mode (SAM) and the Semi-Annual Oscillation (SAQ) are great synoptic systems
that have a significant impact on pressure systems in the Southern Ocean. The SAM, which is linked
to the El Nifio-Southern Oscillation cycle, is responsible for the long wave atmospheric amplification
which results in a reduced pressure gradient in the Southern Ocean (Schldsser et al., 2010). The
reduced pressure gradient brings about weaker westerlies which occur when the SAM is in its

negative phase (Schldsser et al., 2010).

It has been reported that the strength of the westerly winds has continuously increased during
summer and autumn due to the SAM becoming positive over the last 5 decades (Turner et al., 2013).
The loss of the ozone layer, particularly during spring, has aided the change to a positive phase of
the SAM, which has resulted in the occurrence of more intense cyclones that have an impact in the
interior (Pezza and Simmonds, 2008; Turner et al., 2013). Regardless of the effects of the SAM, the
regularity of its linked cycle to the ENSO is ambiguous, which means that its influence on ground

thermal regimes can only be deduced when it is in the positive or the negative phase.

As has been pointed out, the SAM is increasingly becoming positive during summer and autumn, and
this leads to the conclusion that the behaviour of ground temperatures in summer and autumn can
be attributed to the strengthening of the SAM during these seasons. Moreover, it can be inferred
from the literature that the loss of the ozone layer around spring that eventually affects the
behaviour of the SAM, affects the variability of both air and ground temperatures to some extent.
Lastly, assuming that the SAM becomes weaker during winter, it can be deduced that air
temperatures, to some degree, fluctuate as they do because the storms brought about by the

resultantly weaker westerlies are less intense and dissipate as early as they occur.

Unlike the ambiguity resulting from the cycle of the SAM, the cycle of the SAO and its effects are
well understood. The effects of the semi-annual contraction and expansion of the pressure low
around Antarctica on ground thermal regimes in WDML have been expounded greatly by Kotzé
(2015). Nevertheless, it is important to note that both the SAM and the SAO are great atmospheric
pressure systems, the cycles of which have an influence on active layer temperatures through

varying pressure gradients.
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5.2. Site Characteristics

5.2.1. Spatial and Regional Analysis

Comparisons between sites to determine the regional influence of meteorological variables, using air
temperatures recorded from the South African Weather Service (SAWS) weather station at
Vesleskarvet, has shown that the thermal regimes at the selected sites behave more similarly than
differently. Site specific characteristics including the geology, geomorphology, distance and altitude

of the site, contribute both to the regional similarities and differences of ground thermal behaviour.

An evaluation of the SAWS air temperatures and site ambient air temperatures shows a
synchronicity between sites with Vesleskarvet and Schumarcherfjellet being highly synchronous with
each other. The highest average air temperatures at Robertskollen throughout the year are due its
location and altitude. At a distance of 150 km away from the ice shelf, it is the least continental site
which means that warm coastal air advected by passing cyclones contributes to the relatively warm
air temperatures that characterise the site. Additionally, the presence of liquid water at the site also
regulates temperatures by contributing to a relatively high humidity level that ensures that air

temperature variability is controlled.

On the other hand, Slettfjell, Grunehogna and Flarjuven had the lowest average air temperatures in
summer while Troll had the lowest average air temperatures in winter. Slettfjell, Grunehogna and
Flarjuven are all located further away from the ice shelf. Additionally they are at very high altitudes
which could be a factor in the variability of the air temperatures. Similarly, the same could be said
about Troll as well. The high range of temperatures could account for the temperature variability.
Katabatic winds during winter may also have an influence on the persistently low air temperatures.
The range of air temperatures during the summer months between sites is minimal which points to
similar meteorological influences while in winter, the range of temperatures between sites is large
which point to different influences including snow precipitation and the presence of winds along

with the geology of the sites.

Ground temperatures have shown great synchronicity between the sites and between the SAWS air
temperatures with the greatest synchronicity being between Schumacherfjellet and the SAWS air
temperatures and the lowest being between Vesleskarvet and the SAWS air temperatures. The weak
relationship between Vesleskarvet air and ground temperatures is intriguing because the SAWS
weather station is +/- 300 m away from the logging station. The reason there is a weak relationship
between the variables could be because of the presence of the blockfield at Vesleskarvet which
promotes the accumulation of snowmelt water from the periodic snow cover (Kotzé. 2015). This

leads to the suggestion that ground thermal regimes in Vesleskarvet are influenced by more than
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variations in air temperatures as discussed in the previous section. On the other hand, the strong
relationship between air temperatures recorded by the SAWS weather station and the ground
thermal regimes in Schumarcherfjellet could point to the geology and the geomorphology of the
site. Even though it is 25 km away from Vesleskarvet, it has flat-topped surfaces of doleritic rocks
that comprise of patterned ground. Variations in temperature have been seen to influence ground

behaviour (Kotzé, 2015).

Close analysis of the different sites shows that as synchronous as the temperatures across the sites
are, site characteristics such as location and altitude as well as geomorphology, have a direct
influence on temperature variations. For instance, in Vesleskarvet, a comparison of the near surface
with deeper layers in the ground shows that the ground near the surface seems to be colder than at
greater depths indicating that on average, temperatures near the ground surface are colder than the
air above the ground and ground at greater depths. This can be attributed to the thermal properties
of the large field of boulders that characterise the ground in Vesleskarvet. For Robertskollen
however, on average, at greater depths (>30 cm) temperatures increase indicating a warmer and
subsequently, a deeper active layer. This can be ascribed to the geomorphology and location of the
site. Robertskollen has a higher altitude than Vesleskarvet and most sites. Morever, the presence of
water on the site due to its high average maximum temperatures resulting from its close proximity
to the ice shelf has a great effect on how the thermal regime of the active layer at Robertskollen

greatly differs from Vesleskarvet.

Conversely, for Valterkulten, the increasing average temperatures with increasing depth suggest that
Valterkulten, similar to Robertskollen, has a warmer and deeper active layer than Vesleskarvet.
Similar to Robertskollen, Valterkulten has liquid water on its surface. The site of the logger was close
to a brine lake in a depression. In addition to the longer heat retention properties of water, the
presence of salts within the lake ensure that the active layer at Valterkulten remains warmer and
deeper for longer with little change in temperature with increasing depth. Although Grunehogna
and Schumarchefjellet are in close proximity, they do not exhibit similar ground thermal regimes

which points to the different geomorphology that characterises each site.

For Flarjuven, the recorded average maximum temperatures above 0 °C near the surface and a
depth of 15 cm below the ground (6.05 °C and 0.57 °C respectively) indicate that thawing of the
active layer was at most up to 15 cm deep. For Slettfjell, average minimum temperatures exhibit an
increasing trend of temperatures that might be attributed to the geology of the site. However, it is
worth mentioning that temperature data logging for Slettfjell continued until 01 May. Therefore, the

lack of a full year temperature record means that analysis of the active layer thermal regimes yields
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inconclusive results in comparison to the other sites. Lastly, for Troll, despite being across the
Jutulstraumen glacier, average ground temperatures are of the same magnitude as those at
Vesleskarvet (T > -16 °C for both sites). This points to the climatic factors that influence both thermal

regimes at Troll and at Vesleskarvet.

5.2.2. Inter-site Active Layer and Ground Thermal Properties

The characteristics of soils within continental Antarctica are dominated by physical properties. The
physical properties of soils at the selected sites show that the soils are relatively dry, which
corresponds to the atmospheric factors that influence the climatic conditions. The Gravimetric
Water Content (GWC) of an active layer relates to the age of the soil (Kotzé, 2015). The GWC of all
sites apart from Vesleskarvet, Valterkulten and, Flarjuven was less than 5%, which suggests that the
soils beneath the active layer at these sites are less than 18 000 years old (Kotzé, 2015). This briefly
satisfies the second part of the 39" question posed by Kennicutt et al., (2014) that asks what the
rates of geomorphic change in different Antarctic regions are and have been, and what the ages of

the preserved landscapes are.

According to Briggs (1977b), soils that have an average bulk density of 1.25 g/cm? are identified as
mineral soils, and those with an average bulk density of 0.5 g/cm? are identified as organic soils.
Following the bulk density classification of soils, it can be seen that soils at the Ahlmannryggen are
mineral soils. This is supported by visual evidence showing the absence of organic matter (see
Appendix C, Figures 35 - 36, pg. 90). The bulk density values of soils at Vesleskarvet, Robertskollen
and Flarjuven closely correspond with those found by Hansen (2013) at Vesleskarvet of 1.84 — 1.99
g/cm?®, and by Kotzé (2015) at Vesleskarvet, Robertskollen and Flarjuven of 1.97 g/cm?, 1.83 g/cm’®
and 1.69 g/cm?, respectively. The bulk density value of soil at Troll is significantly lower than that

found by Kotzé (2015) of 2.04 g/cm’.

The fact that soil at Vesleskarvet has the highest bulk density and water content when compared to
all the other sites is most likely because of its location. The local climate for Veslekarvet, along with
the combination of a high proportion of silt and clay particles (< 63 um) and the presence of a
blockfield, promotes the accumulation of snowmelt water from periodic snow cover (Kotzé, 2015).
Soil at Flarjuven and Valterkulten has relatively high water content compared to Robertskollen
because both of these sites have a high proportion of silt and clay (< 63 um) and, moreover,
Valterkulten has a depression where a brine lake is located. Robertskollen, on the other hand, has
the highest proportion of medium to fine gravel (8 000 um to 2 000 pum) after Grunehogna. In
addition, the sampling site was on elevated ground, therefore any meltwater from accumulated

snowfall easily drained downwards towards low lying meltwater pools. This is verified by the fact
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that during the 2016/17 field season, streams and pools of meltwater from accumulated snow were

present at the site (pers. obs, 2016).

Grunehogna has the lowest proportion of silt and clay (0.05 %) but greater water content than
Schumarcherfjellet, Troll, and Slettfjell. The fact that its soil has a higher bulk density than that of
Troll and Slettfjell means that, even though it has a low proportion of silt and clay, it can store more
water within its soil. This can be attributed to the location of Grunehogna in relation to Troll and
Slettfjell, as well as to the local climate. Even though the bulk density of soil at Schumarcherfjellet is
greater than that of Grunehogna, the difference is very minimal, and the higher water content at

Grunehogna could be attributed to other factors.

Given the ground (soil) properties of the sites, all sites with the exception of Vesleskarvet and
Valterkulten, have shallower active layer depths compared to the long-term average active layer
depth. The active layer depth at Schumarcherfjellet in 2016 was significantly shallower in
comparison to the long-term average. Vesleskarvet and Valterkulten exhibited the same active layer

depths both in 2016 and over the long-term average.

The deeper active layer of Robertskollen is attributed to spatial factors. At an altitude of
approximately 350 m a.s.l. and a distance of 150 km away from the ice shelf, it is the least
continental site, which means that its close proximity to the ice shelf allows for an influence of
maritime climate conditions. On the other hand, the deep active layer at Troll could be due to
geological properties of the ground. Compared to sites at Ahlmannryggen, Troll has a different
geology, comprising of metamorphic granulites and gneisses. Vesleskarvet and all the sites in
Ahlmannryggen consist mainly of doleritic igneous rocks. In contrast, Slettfjell has the least deep
active layer depth and similarly to Robertskollen, it could be attributed to spatial factors. Slettfjell is
the furthest site inland, at a distance of 233 km away from the ice shelf and an altitude of 1472 m
a.s.l. Along with the low soil moisture content, the location of Slettfjell results in extremely dry

conditions that do not encourage the formation of or the deepening of the active layer.

The inter-annual variability of the depth profiles was evenly balanced. For three sites, Vesleskarvet,
Robertskollen, and Schumarcherfjellet, the minimum ground temperatures exhibited a larger inter-
annual variability. In contrast, for Grunehogna, Flarjuven, and Slettfjell, the maximum ground
thermal regimes exhibited a larger inter-annual variability. The inter-annual variability for
Valterkulten and Troll was the same for both the minimum and the maximum ground thermal

regimes, with that of Valterkulten being smaller and that of Troll being larger.
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Furthermore, the long-term average active layer depth of all sites except Valterkulten and Troll was
deeper than the 2016 active layer depth. This suggests a negative effect where various studies
report on the warming conditions of the climate over Antarctica. It has been noted that global
warming and climate change is evident in the loss of ice mass over West Antarctica (Vaughan and
Arthern, 2007). However, east Antarctica has been reported to be gaining an additional ice mass
annually (Vaughan and Arthern, 2007). However the above trends are difficult to predict with
certainty (Vaughan and Arthern, 2007). The continuous addition of ice mass from increased snowfall

over east Antarctica could explain the seemingly diminishing depth over the Ahlmannryggen sites.

However, since snow acts as an insulator, thus assisting in warming or increasing ground
temperatures, it can be argued that as temperatures decrease along the ground profile, there is
limited heat available to increase temperatures down the ground profile, thus resulting in shallower
active layer depths and by inference, accruing permafrost. Therefore, in responding to part of the
42" question asked by Kennicutt et al., (2014) that asks how permafrost, the active layer and water
availability in Antarctic soils [...] will change in a warming climate, and what the effects on
ecosystems and biogeochemical cycles are; in a warming climate, it appears that the active layer

depth of most sites in the Ahlmannryggen grows shallower and permafrost grows deeper.

According to Kotzé (2015), a larger inter-annual variability of minimum ground thermal regimes is
due to an increased fluctuation of air temperatures in winter, caused by large meridional and
vertical temperature gradients in winter as compared to summer. This means that low-pressure
systems passing along the coast advect the relatively warm and moist air from the ocean towards
the continent, which results in large changes in air temperature and wind speed. A larger inter-
annual variability of maximum ground thermal regimes is due to a change in thermal diffusivity of
the ground. Minimum and maximum ground thermal regimes that exhibit the same inter-annual
variability mean that there is little variation in the temperatures and as a result they are

synchronous with each other.

The properties of the active layer influence the transmission of thermal events from meteorological
events. Three meteorological events were selected to determine the thermal propagation rate of
the active layer at the study sites. Two of the events were low pressure systems that passed along
the coast on 02-June and 17-November (see Figures 27b-c). These synoptic systems moved in a
clockwise rotational motion with pressures well above 900 hPa. The other event was chosen in April
for Slettfjell and August for Troll. The passage of the warm sector of the cyclone is accompanied by a
drop in pressure and an increase in temperatures while the passage of the cold front is accompanied

by a drop in temperatures as pressure rises again (Nel et al., 2009). The rise and fall of temperatures
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can clearly be seen in Figures 27-34 and the rate at which these events were first observed on the

ground surface right down to the last monitored depth was analysed.

According to Schaetzl and Anderson (2005), the thermal propagation of soil is linked to the thermal
conductivity of the specific soil, which is linked to the bulk density and the texture or the particle size
of the soil. Thermal conductivity increases with an increase in bulk density and soil particle size.
Following this point, the high thermal propagation rate of Grunehogna can be linked with the high
proportion of medium to fine gravel particles of its soil (see Figure 17, pg 48). The high thermal
propagation rates of Valterkulten and Robertskollen are linked to the large bulk densities of their
soils (see Table 17, pg 47). The relatively high thermal propagation rate for Schumarcherfjellet can
be linked to its soil bulk density as well, whereas the low thermal propagation rate for Slettfjell can
be linked to the low bulk density of its soil. On the other hand, the relatively low thermal
propagation rates for Flarjuven, Vesleskarvet and Troll can be linked to their high proportions of silt

and clay particles (see Figure 17, pg 48).

It is clear and evident that in a warming climate, the periglacial environment of Western Dronning
Maud Land (WDML) responds by decreasing the active layer depth and increasing the permafrost
layer. Owing to different site characteristics such as geology, geomorphology, site location and
altitude, and soil physical properties, ground thermal regimes respond variably to meteorological
influences that differ seasonally and diurnally and per event. This chapter has succinctly shown how
sites in WDML react to meteorological influences. The following chapter draws on final conclusions
to this project by giving remarks, limitations on the current project and recommendations for future

research.
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Chapter 6: Conclusion

6.1. Remarks

This chapter focuses on linking the objectives discussed in the previous chapter to the aim of the
project. The aim of this study was formulated to add to the growing contribution to research on
permafrost and active layer dynamics of Antarctica, notably phrased by the 42™ question put
forward by Kennicutt et al, (2014). In order to fulfil the aim of using high-frequency data to
determine the impact of seasonal, synoptic and diurnal events on ground thermal regimes, three

objectives were devised as thus:

1. To establish meteorological influences on air and ground thermal regimes.
2. To determine the extent to which meteorological point data measured at Vesleskarvet
(SANAE IV base) can be applied regionally to evaluate ground thermal regimes.

3. To determine the extent (depth) of meteorological events on ground thermal regimes.

The main crux of the first objective was to understand climatic and weather influences on ground
temperatures in Vesleskarvet. Five meteorological parameters (air temperature, pressure, relative
humidity, wind speed and wind direction) were explored and it was revealed that the active layer
thermal regime is influenced by air temperature, relative humidity, pressure, and to some degree,
wind speed. The influence of air temperatures, pressure, relative humidity and wind speed on the

behaviour of ground temperatures differs according to seasons.

Air temperatures and near-surface temperatures were inversely related. During summer, near
surface temperatures had the highest maximums and the lowest minimums, thus resulting in a high
variability. During winter, air temperatures had the highest maximums and the lowest minimums
resulting in a high variability therefore, indicating a more thermally active ground in summer in
comparison to winter. The selected synoptic and diurnal events further attest to the varying thermal

behaviour of the ground seasonally.

Pressure and relative humidity had an indirect relationship whose relationship with ground
temperatures was dependent on the variability (instead of average values) of pressure and relative
humidity. Pressure had a greater influence on ambient air and ground temperatures in summer than
in winter even though on average, the mean pressure was high in summer and less variable than in
winter. The behaviour of pressure is linked to the SAM and SAO in the Southern Ocean as well as low
pressure cell over the interior of Antarctica. Together, the two pressure systems affect variability of

pressure in Vesleskarvet whose impact on ground thermal regimes can be seen mainly in summer.
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On average, whilst wind direction has been found to have no influence on ground temperatures,
wind speed had a very limited influence on the active layer thermal regimes, showing a weak
positive correlation in May and a strongly negative correlation with ground temperatures in January,
November and December. The positive correlation corresponded with low ground temperatures in
May and the negative correlations corresponded with high ground temperatures in January,
November and December, as can be seen in Figure 10 (pg. 34). However, as Table 3 showed, the
average wind speed in May was the highest average speed in 2016 at 13.72 m.s™ and the lowest
average speeds that correspond with January, November and December were 8.53 m.s™, 9.34 m.s™
and 5.84 m.s". These results suggest that wind speed is inversely proportional to ground
temperatures. It is worth mentioning however, that the predominant direction of the wind is south-

easterly as highlighted by numerous authors.

The second objective focused on using air temperature data from the SAWS weather station situated
in Vesleskarvet to determine the linkages between Vesleskarvet and other sites (Robertskollen,
Valterkulten, Grunehogna, Schumarcherfjellet, Flarjuven, Slettfjell, and Troll) in WDML. As
presented in Table 8, Figure 11 and Figure 12, air and ground temperatures in Schumarcherfjellet
had the highest correlation with SAWS air temperatures and, air and ground temperatures in
Vesleskarvet had the lowest correlation with the SAWS air temperatures in comparison to other
sites. However, the synchronicity between SAWS air temperatures and Schumarcherfjellet near-
surface ground temperatures differs seasonally, with summer showing the greatest synchronicity
and winter showing the least synchronicity. Temperature ranges and fluctuations also differed
according to seasons, with air temperatures showing the lowest range between sites in summer and
the largest range in winter. Conversely, near surface and ground temperatures showed the largest

range of temperatures between sites in summer and the lowest range of temperatures in winter.

Close analysis of each site showed that on average, Vesleskarvet near surface temperatures were
colder than both the air above the ground and deeper depths down the ground. In contrast, all the
other sites had colder average air temperatures in comparison to the ground. However, Grunehogna
had the coldest near surface temperatures at -18.07 °C and Robertskollen had the warmest

(relatively speaking) near surface temperatures at-12.83 °C.

Furthermore, Robertskollen had the highest average air and ground temperatures throughout the
year. Grunehogna, Flarjuven and Slettfjell had the lowest average air temperatures in summer while
Troll had the lowest average air temperatures in winter. Conversely, Valterkulten had the highest
average near-surface temperatures throughout the year after Robertskollen. Schumarcherfjellet and

Slettfjell had the lowest average near-surface temperatures in summer and Grunehogna, Flarjuven
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and on occasion, Troll had the lowest near-surface temperatures in winter. With increasing depths
below the ground (after Robertskollen), Valterkulten had the highest average ground temperatures
in summer and Schumarcherfjellet had the highest average ground temperatures in winter.

Vesleskarvet had the highest average ground temperatures in autumn and spring.

The focal point of the third objective was to determine the degree of influence that selected
weather events exert on the active layer depth. In as much as meteorological parameters have an
effect on ground thermal regimes; their influence relies on soil properties of the site affected. Due to
their bulk density, soils in the Ahlmannryggen are classified as mineral soils, which means that they
lack considerable organic matter. This suggests that thermal activity within the soils is governed

mainly by physical properties including bulk density and sediment particle size of soils.

Of all the sites studied, Vesleskarvet had the highest bulk density, followed by Robertskollen,
Valterkulten, and Troll. Equally, Slettfjell had the lowest bulk density, followed by Flarjuven,
Grunehogna, and Schumarcherfjellet. It is worth mentioning that although Vesleskarvet had a high
proportion of silt and clay sediment particles after Flarjuven and the highest bulk density, sediment
particle size does not necessarily correspond with bulk density. Instead, sediment particle size
strongly corresponds with the amount of water that can be stored within the soil seen from Table
17. However, sediment particle size along with soil bulk density has been found to influence the
propagation of temperature through the ground profile. As such, thermal propagation rates of sites

varied according to the different sediment particle sizes and bulk densities of soils at each site.

Grunehogna had the highest average thermal propagation rate, followed by Valterkulten,
Robertskollen and Schumarcherfjellet. Conversely, Troll had the lowest average thermal propagation
rate, followed by Slettfjell, Flarjuven and Vesleskarvet. The thermal propagation rate of Grunehogna
was due to the high proportion of medium to fine gravel particles of its soils, while those of
Valterkulten, Robertskollen, Schumarcherfjellet as well as Slettfjell were due to the bulk densities of
their soils. In contrast, the thermal propagation rate of Troll, Fldrjuven and, Vesleskarvet were due to

the high proportion of silt and clay particles of their soils.

The varying thermal propagation rates of each site could have an influence on the yearly active layer
depth of each site. The active layer depths for 2016 in each site differed from the site long-term
average active layer depths. All sites, with the exception of Vesleskarvet and Valterkulten, had on
average, a deeper active layer compared to the 2016 depth. On close analysis, in 2016,
Robertskollen had a deeper active layer, followed by Troll, Valterkulten, Flarjuven and Vesleskarvet.

Equally, Slettfjell had a shallower active layer, followed by Schumarfjellet and Grunehogna. The
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active layer depths are, in addition to the thermal propagation rates, dependent on site
characteristics. Robertskollen and Valterkulten have deep active layers because of the presence of
liquid water during summer. As has been pointed out, the presence of water aids in heat retention in
the ground. Furthermore, distance from the ice shelf along with altitude has a great influence on the
maximum depth of an active layer for each site. This is highly evident with Robertskollen and

Slettfjell.

6.2. Recommendations and Limitations

The monitoring of the active layer and subsequently permafrost layer in Western Dronning Maud
Land (WMDL) has great advantages in advancing Antarctic science research. In order to ensure that
progressive research in WDML continues, certain limitations encountered in this project need to be

considered for future research on the subject.

To get a full measure of the active layer depth and the behaviour of the regimes thereof, the
boreholes of the sites need to be increased to at least 2 m or more. Additionally, long-term
monitoring needs to continue so as to get the long-term changes in the active layer regimes.
Meteorological variables have been noted to have an impact on ground thermal regimes. In WDML,
there are no recorded precipitation and solar radiation values. Solar radiation analysis was based on
Kotzé (2015) whose results were based on averaged interpolated readings from nearby stations. The
absence of the meteorological variables impedes proper analysis of the active layer thermal regimes.
Instead, it is suggested that for precipitation (in order to get snow depth at each site) iButtons need
to be installed along with the temperature data loggers along the pole that supports the air
temperature sensor at fixed heights (Lewkowicz, 2008; Kotzé, 2015). For solar radiation values, each

borehole needs to have a pyronometer installed in order to get site-specific solar radiation readings.

Soil moisture values that were available from the soil moisture sensor could not be used due to
faulty readings. This is due to fact that the soil moisture sensors were installed horizontally instead
of vertically. The horizontal installation was so that a more representative reading of the site soil
moisture could be obtained since only one soil moisture sensor was used per site. However, due to
the dry conditions of WDML, the soil moisture sensors recorded static electricity generated by the
friction between the wind and the low relative humidity of the region (Meiklejohn, pers. comm.,
2017). Therefore, in order to get usable readings, the soil moisture sensors need to be installed

vertically (Cobos and Chambers, 2009; Kotzé, 2015).
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Finally, each site needs to have more loggers installed to avoid faulty loggers that capture
incomplete data as in Slettfjell and Vesleskarvet. Moreover, more data loggers per site would ensure
a more holistic analysis of the active layer thermal regimes because more loggers would provide a
good representation of the site, instead of only one logger that does not capture the whole thermal

regime of the site.

In conclusion, this research has contributed to the growing research on Antarctic science, focusing
particularly on ground thermal regimes. It has shown that active layer thermal regimes depend on
atmospherical phenomena as well as site-specific soil and geomorphological characteristics. Overall,
the study has shown that climate change indeed does have an impact on the localised Antarctic
interior as much as it does on coastal regions. Further research needs to be conducted in other
nunataks in addition to the ones studied in the Ahlmannryggen, in order to get a broader
understanding of the long-term responses of the active layer and the permafrost layer to climate
change. Such research could focus on the presence of human activity in the Ahlmannryggen and the
influence that it has on the local ecosystems and biogeochemical cycles. Although care is taken by
researchers in the Ahlmannryggen (and Antarctica as a whole), some form of impact is exerted on

the environment and effects of this are still yet to fully manifested.
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Appendices

Appendix A. Statistical Descriptions, Ranges, and Classes

Table 19. Skewness classes descriptive terms and ranges (Kotzé, 2015)

Description Range
Highly negatively skewed <-1.62
Negatively skewed -1.0--1.62
Moderately skewed -0.3--0.1
Finely negatively skewed -0.1-0.1
Positively skewed 0.1-0.3
Finely negatively skewed 0.3-1.0
Very positively skewed 1.0-1.62
Highly positively skewed >1.62

Table 20. Pearson’s Correlation descriptive terms and ranges (Hansen, 2013)

Description Range
Perfect downhill linear relationship -1
Strong downhill linear relationship -0.70
Moderate downhill linear relationship -0.50
Weak downbhill linear relationship -0.30
No linear relationship 0
Weak uphill relationship 0.30
Moderate uphill linear relationship 0.50
Strong uphill linear relationship 0.70
Perfect uphill linear relationship 1
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Table 21. Sedimentary Particle Size Grades (Briggs, 1977a)

Phi Size (@) Millimetres (mm) Micrometres (p) Wentworth Grade
-6.0 64 64000 Cobbles
60.0 mm
-5.5 44.8 44800
-5.0 32 32000 Coarse Gravel
-4.5 22.4 22400
20.0 mm
-4.0 16 16000
-3.5 11.2 11200 Medium Gravel
-3.0 8 8000
6.0 mm
-2.5 5.6 5600
-2.0 4 4000 Fine Gravel
-1.5 2.8 2800
-1.0 2 2000 2.0mm
-0.5 1.4 1400
0.0 1 1000 Coarse Sand
0.5 0.71 710
0.6 mm
1.0 0.5 500
1.5 0.355 355 Medium Sand
2.0 0.25 250
0.2 mm
2.5 0.18 180
3.0 0.125 125 Fine Sand
3.5 0.090 90
4.0 0.063 63
0.06 mm
4.5 0.045 45
5.0 0.032 32 Coarse Silt
5.5 0.023 23
0.02 mm
6.0 0.016 16
6.5 0.011 11 Medium Silt
7.0 0.008 8
0.006 mm
7.5 0.0055 5.5
8.0 0.004 4.0 Fine Silt
8.5 0.00275 2.75
9.0 0.002 2.0 0.002 mm
9.5 0.00138 1.38
Clay
10.0 0.001 1.0
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Appendix B. Pearson’s Correlations for Vesleskarvet air and ground

temperatures with SAWS weather variables

Table 22. Pearson’s Correlations (r) for 2016 monthly averages of ambient air temperature with the

SAWS recorded air temperature, humidity, pressure, wind speed and wind direction

| Temperature | pressre | Humicity | Wind speed

0.962 0.293 0.233 -0.005 0.107

0.985 0.302 0.503 0.364 -0.302

COA | o2 033 oo R W 036
-

0.962 -0.162 0.225 0.232 0.031

0.993 0.406 0.432 0.242 -0.090

m_
B oot [HEEEN 008 0077 0079
[Oct |

0.960 -0.051 0.197 -0.139 0.019

0.972 0.581 -0.420 -0.744 0.360

0971 0.190 0.074 008 | = -0.024 |

Table 23. Pearson’s Correlations (r) for 2016 monthly averages of near-surface temperature with the

SAWS recorded air temperature, humidity, pressure, wind speed and wind direction

- Humidity | Wind Speed | Wind Direction

DN oo BUEN 02 0se 0295
EX

0.736 0.162 0.401 0.188 -0.122

0.821 -0.095 0.707 0.288 -0.296

[Apr
[ May  [ISNCETEY S E AT 0490 [NNNNECEC]
Jun |

0.771 -0.136 0.630 0.050 -0.018

. 0829 004 0278 0139 0364

0.868 WEE 0.105 -0.083

Aug |
ENl | os7 lEE] o220 o020 0170
[Oct |

0.807 -0.228 0.156 -0.028 0.009

0.644 -0.366 -0.631 0.025

ec
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Table 24. Pearson’s Correlations (r) of 2016 monthly averages of 15 cm ground depth temperature

with the SAWS recorded air temperature, humidity, pressure, wind speed and wind direction

- Humidity | Wind Speed | Wind Direction

I oss B0l o5 s 018

0.820 0.244 0.102 -0.059

0.853 -0.029 0.698 0.258 -0.279

- - 0879 0169 o177 [NIEEH] 0 0432
[Jun | 0.819 -0.121 0.052 -0.014
[Jul | _____
[ Aug | 0.880 0.068 -0.057
El oo [NEEE|] o014 0116 0087

0.798 -0.204 0.023 -0.181 0.104

0.815 0.666 -0.461 -0.759 0.202

0.845 0.192 0.161 -0.140 -0.104

Table 25. Pearson’s Correlations (r) of 2016 monthly averages of 30 cm ground depth temperature

with the SAWS recorded air temperature, humidity, pressure, wind speed and wind direction

[ remperature | presure | Humidity | Wind Speed _| Wind irction |
KN oo Gl o0 o2 oom
b

0.672 0.160 0.478 0.158 -0.127

0.725 -0.157 0.651 0.113 -0.166

0.626 -0.126 0.629 -0.081 0.022

0.741 0.638 0.267 -0.060 0.033

m-
EI  osoo [EEN o013 0053 -0.067
[Oct |

0.685 -0.269 -0.045 -0.172 0.127

0.744 0.687 -0.416 -0.706 0.134

bec |
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Table 26. Pearson’s Correlations (r) of 2016 monthly averages of 60 cm ground depth temperature

with SAWS recorded air temperature, humidity, pressure, wind speed and wind direction

- Humidity | Wind Speed Wind Direction

Nl o a0 om0 o

0.433 -0.010 0.235 -0.220

0462  -0.375 -0.129 0.047

0.276 -0.221 -0.222 0.108

m o416 [EEEE]  o0.039 -0.228 0.193

ENE | osollEE oo 004 0012
[Oct |

0.525 -0.386 -0.133 -0.144 0.142

0.586 0.676 -0.413 -0.661 0.057

versge] — oae2| 01| oo  vais| 002
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Appendix C. Photos showing the lack of organic matter

Figure 35. Photo taken at Slettfjell

Figure 36. Grunehogna
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