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Abstract

Long-term time series analysis of Ground Surface Temperatures (GSTs) on two ac-
tive and one inactive rockglacier enables an assessment of periglacial features. The
long-term trend of the Mean Annual Ground Surface Temperature (MAGST) for the
active rockglacier Huhh1 has a slope of +0.067◦C/year and its long-term MAGST av-
erage from 2002 to 2023 is −0.32 ± 0.86◦C. The second active rockglacier Huhh3 has
an increase of +0.088◦C/year and a long-term MAGST average of +0.28 ± 1.11◦C.
The slightly larger increase of MAGST on Huhh3 is attributed to the larger amount
of fine-grained substrate in comparison to Huhh1, to the exposition and the snow
coverage. The inactive rockglacier Huhh2 has a MAGST trend of −0.0046◦C/year
and a long-term average of −1.08 ± 0.91◦C. Although a higher MAGST was ex-
pected since it is an inactive rockglacier, the prevailing conditions of coarse-grained
material favouring permafrost and wind driven snow accumulation resulted in the
lowest measured long-term average on rockglacier level. The calculation of the Bot-
tom Temperature of the winter Snow cover (BTS) resulted in a minimal increase of
+0.014◦C/year on regional scale, which amplifies the independence of GST on air
temperature. The Ground Thawing Index (GTI) and Ground Freezing Index (GFI)
highlight the rising occurrence of extreme temperatures and loss of snow since the
GTI is increasing and the GFI is decreasing. The correlation between the air tem-
perature and the GST is high during snow-free periods and low if snow covers the
ground. A high variability between the sites was observed during summer and a
low variability in winter due to the insulating effect of snow. The timing, duration
and thickness of snow layers strongly influence the value of GST. A start of High
Thermal Insulation (HTIstart) in October to November resulted in high winter GST
since the summer heat could not leave the system. Late HTIstart around New Year
lead to an efficient cooling of the ground if the air temperature was low. The length
of the time gap between the Snow Onset Date (SOD) and the HTIstart cannot be
used for a prediction of the size of BTS. With ongoing climate change, the GST will
further rise.
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1. Introduction
1.1 Motivation

Rockglaciers are common and distinct features of permafrost. Without knowing
their existence, they seem to be inconspicuous. But as soon as one crosses the way
with a huge and distinct rockglacier, people start to think about what kind of feature
this is. Rockglaciers are widespread across the Alps, but due to their inconsiderable
appearance, they are much less known in the community. Nevertheless, they are
important features of the cryosphere.

My supervisor, Isabelle Gärtner-Roer, collected data about rockglaciers for 22
years from 2001 up to today. Thus, there exists a long-term GST time series of three
rockglaciers in the Turtmanntal in the Canton of Valais. Long-term time series are
useful and powerful tools for climate analyses. By comparing the GST with climate
variables, like the air temperature or precipitation, similar trends and correlations
may be detected.

Mountainous areas belong to the fastest changing landscapes (IPCC 2007).
Switzerland experiences a warming which is twice as fast as the global mean. The
ground-level air temperature increased by about 2◦C compared to 0.9◦C globally
(NCCS 2018). 2014 to 2018 was the warmest 4-year period ever measured in Switzer-
land since measurements began in 1864 (PERMOS 2019).
The Swiss Permafrost Monitoring Network (PERMOS) measures, analyses and doc-
uments the state and changes of permafrost in the Swiss Alps over more than 20
years. The latest report, The Swiss Permafrost Bulletin 2022 (PERMOS 2023) doc-
umented that the hydrological year 2022 was the second warmest year ever measured
since 1864. The Mean Annual Air Temperature (MAAT) was around 1.5◦C over the
long-term mean 1981 - 2010 (MeteoSchweiz 2024). As a consequence of these me-
teorological conditions, the MAGST of the hydrological year 2022 increased for all
measurement sites which were covered by PERMOS in comparison to the previous
year (PERMOS 2023).
On 25 July 2022, a new record of the zero-degree isotherm was registered at an
altitude of 5184 meter above sea level (m a.s.l.) (MeteoSchweiz 2024; PERMOS
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2023). Kenner et al. (2024) found that the loss of mountain permafrost corresponds
well to the rise of the atmospheric zero degree line.

Permafrost, hence rockglaciers, is a thermally controlled phenomenon (e.g. Bisk-
aborn et al. 2019; PERMOS 2023; Roer 2005), reacts to climatic changes (e.g. Barsch
1996; Marmy et al. 2013; PERMOS 2023) and is one of the essential climate variables
(PERMOS 2023). The main factors influencing permafrost occurrence is air tem-
perature, surface characteristics, radiation balance and the thickness and duration
of snow cover (Hoelzle 1996; PERMOS 2023; Roer 2005). Snow cover has the ability
to insulate the ground from the atmosphere (e.g. Haeberli 1973; PERMOS 2019; T.
Zhang 2005). A thick enough snow layer (> 0.8 m) creates a disconnection between
permafrost and the atmosphere (Haeberli 1973; Hoelzle 1992; Keller 1994). During
snow free or snow-poor periods, permafrost is directly influenced by the atmosphere
(Harris & Pedersen 1998; Luo, Jin, & Bense 2019; Scherler et al. 2014). Therefore,
the timing of the first snow fall, the duration and thickness of the snow cover and the
time when the ground surface becomes snow free (in spring) are relevant (PERMOS
2019; Staub & Delaloye 2017). Accumulation of snow in autumn has a long-lasting
effect on inter-annual GST variations, not only because of its insulating effect but
also due to snow melt and refreezing (Marmy et al. 2013; Staub & Delaloye 2017).
Hence, the energy balance at the ground surface is strongly influenced by the snow
accumulation, redistribution and melt (Stocker-Mittaz, Hoelzle, & Haeberli 2002).
Rising temperatures and change in the amount and timing of precipitation influ-
ence strongly the existence of permafrost (Hoelzle, Haeberli, & Stocker-Mittaz 2003;
PERMOS 2019; Staub & Delaloye 2017).

1.2 Objective and Research Questions

In this work, a long-term GST time series from the Hungerlitelli in the Turtmanntal
(VS) in the Swiss Alps is analysed. This data set covers the time period from the
first of October 2001 to the 30th of September 2023. Within this period, the GST
was measured with Universal Temperature Loggers (UTLs) in about 10 different lo-
cations. The measurement sites were located on active (Huhh1, Huhh3) and inactive
(Huhh2) rockglaciers between 2500 and 2800 m a.s.l. Additionally, from October
2002 to September 2008, several temperature loggers were distributed on a nearby
moraine for comparison.
The aim is to document the multi-decadal GST trend, to highlight the inter-annual
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and seasonal variations and the timing and duration of the snow cover in a local
and regional scale. Hence, the following research questions are addressed:

• How does the seasonal and inter-annual ground surface temperature vary?

• How does the duration and timing of the snow cover influence the quantity of
the bottom temperature of the winter snow cover?

• How does the bottom temperature of the winter snow cover correlate with the
mean annual ground surface temperature?

1.2.1 Ground Surface Temperature

GST analysis on rockglaciers can help to understand the sensitivity of these land-
forms under changing climate (IPCC 2019). Many studies documented and re-
searched the GST (e.g. Gisnås et al. 2014; Gubler et al. 2011; PERMOS 2023; Roer
2005; Staub & Delaloye 2017). However, few observations exist on the long-term
variability in MAGST on a local scale (Haeberli et al. 2010). Hence, the long-term
time series of the Hungerlitelli is processed to gain an overview about the long-term
trend on a local GST time series. The first and second research question will be
addressed within the GST analysis.

1.2.2 Bottom Temperature of the Winter Snow Cover

The significance of the BTS is well studied, mainly in the early studies of permafrost
features (e.g. Haeberli 1973; Hoelzle 1992; Keller 1994; Schoeneich 2011). However,
a long-term monitoring is not documented. In this Master Thesis, the trend of
the BTS is analysed and evaluated. Likewise, a comparison between the BTS and
the MAGST was done to assess a new variable for permafrost detection since the
snow cover thickness and duration will be reduced in future climate (NCCS 2018)
and cannot serve as a permafrost distribution variable anymore. Thus, the third
research question will be answered with the analysis of the BTS.
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2. Scientific Background
2.1 High Mountain System

Mountainous terrain, mountain system and high mountain environment all refer
to a landscape which have similarities but are slightly different. High mountain
landscapes have physiological and ecological characters at different elevations (Troll
1973) and are highly variable due to relief, elevation and exposure (Barsch & Caine
1984). Setting limits where a mountainous terrain starts or ends is essential to dis-
tinguish mountain areas. Generally, alpine environments are dominated by steep
slopes, tundra plants, rocky outcrops, snow and ice (French 2017).

Many studies define mountain system with different approaches. Barsch and
Caine (1984) define mountain terrain with four characteristics. They are elevation,
steep gradients, rocky terrain and the presence of snow and ice. They defined four
different types of mountain systems by using elevation as an approach. By calculat-
ing the altitudinal difference over 5 km distance, the defined systems are hilly terrain
(50 − 100 m altitudinal difference), mountainous terrain (100 − 500 m altitudinal
difference), mountain system (500 − 1000 m altitudinal difference) and high moun-
tain system with >1000 m altitudinal difference. Using only this strict definition is
not adequate to differentiate between various mountain areas due to their large vari-
ability over the entire globe. Additional distinctions of mountain areas also result
from their elevation, relief and exposure (Barsch & Caine 1984). The topographic
position gives a simple example for the difficulty of defining mountainous regions.
Mountain environments in mid-latitudes are at higher altitudes than mountain ar-
eas at higher latitudes due to the energy received from the sun. High latitudes
receive less energy per surface unit than mid-latitudes (French 2017). Thus, the
position on the globe makes it impossible to set a definition only by elevation and
altitudinal difference. Therefore, more characteristics are needed. Barsch and Caine
(1984) used the steepness of the environment to differentiate high mountain areas
from mountain environments. High mountain areas in the Alps are characterised by
steep topography, dominated by rock walls (> 60◦) and steep slopes between 35◦and
60◦. These regimes are normally created by glacial erosion. In addition, other land
forms, like glacial troughs and cirques, are as well a result of glacial erosion and
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represent the state of a former landscape condition. In post-glacial regimes, talus
slopes and fans filled the valley floors with sediments (Barsch & Caine 1984). These
characteristics can be summarised in a typical high mountain relief for the Alps
which is proposed by Barsch and Caine (1984) and can be seen in Figure 2.1.

Figure 2.1: Schematic representation of a high mountain environment in the Alps.
The bedrock is illustrated with crosses, the filling of the trough represents fluvial
sediments. Angular shapes, labelled with horn (in common state of research named
as nunatak), represent features above glacial erosion. Rounded forms resulted by
glacial erosion, sedimentation from post-glacial processes (from Barsch and Caine
(1984): p. 291).

Another approach to distinguish high mountain environment presented Carl
Troll (Troll 1973). He defined different ecosystems and their ranges which are only
represented in high mountain environments. Those ranges were classified into belts
and consist of defined landscape elements. He suggested three criteria to determine
the lower limit of high mountain belts: the upper timberline, the cold Pleistocene
snow line and the lower limit of solifluction.
The timberline, or also named as tree line, defines a zone with an extent of around
30 to 150 km (French 2017). Above the timberline, trees cannot survive due to
the prevailing climatic conditions. The determination of a high mountain system
with the upper timberline is only reasonable for all non-tropical, humid mountain
system (Troll 1973). In addition, the timberline varies with aspect. It is situated
at higher altitudes at south- and west-facing slopes than for north- and east-facing
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slopes (French 2017).
The cold Pleistocene snow line was created during the last glaciation, thus it is re-
sponsible for the high mountain relief.
The lower limit of solifluction describes the threshold where the processes of cry-
oturbation and solifluction on sloping terrain can still occur above the limit. Below
the limit, frost patterned soil cannot appear due to their temperature limit.
These environments belong to periglacial processes. To sum up, Carl Troll defined a
high mountain environment that lies above the timberline, has a glacially engraved
relief and is influenced by periglacial processes.
The combination of the different approaches enables a localisation of alpine environ-
ment and a differentiation of mountain systems and high mountain environment.

2.2 Periglacial

The word ’periglacial’ was first used by Walery von Lozinski in 1909. He described
periglacial processes as climatic and geomorphic conditions peripheral to Pleistocene
ice sheets and glaciers (French 2017). Thus, his definition relies close to the root
of the word ’periglacial’ which means ’the ice surrounding’. However, this is not a
restriction. Periglacial processes can be found in the surroundings of glaciers but
also in large distances to them (Zepp 2014). Nowadays, periglacial environments
are only restricted to environments with a cold climate where intense frost processes
occur (French 2017). Ground freezing and thawing are the main process which ap-
pear in the periglacial environment (French 2017; Zepp 2014). The time scale of
freezing- and thawing-cycles varies and can be differentiated in seasonally-frozen or
perennially-frozen ground (French 2017).
Periglacial environments can be found in high latitudes and high altitudes. In the
Central Alps in Europe, periglacial processes are generally found above the timber-
line and below the snow line (Barsch 1996; French 2017; Troll 1973).
Troll (1973) defined periglacial environments as the periglacial stage and divided
it into two sub-belts of periglacial dynamics. The lower sub-belt is dominated by
tied solifluction and lies around the timberline. Thus, the surface is still covered
with vegetation and the processes of ground freezing and thawing are influenced
and maintained by the vegetation. The upper sub-belt has only sparely vegetated
soils covered by some pioneer plants. This sub-belt mainly consists of bare scree-
and debris-soils and is referred as the sub-nival belt. Hence, free solifluction is dom-
inating.

6



2.2. Periglacial

Troll (1944), Haeberli (1983) and French (2017) presented an approach to limit the
periglacial stage with the use of MAAT and Mean Annual Precipitation (MAP).
Both variables influence the distribution of glaciers and permafrost, thus also the
zone of high mountain environment.
At first, Troll (1944) set a definition to restrict the periglacial environment with
climate variables. By a global survey of periglacial conditions, he found that char-
acteristic MAATs lie in the range of −15◦C and −1◦C. The MAP have values between
120 and 1400 mm.
The definition of Haeberli (1983) was created for the Swiss Alps, thus only valid
for high mountain environments in the mid-latitudes. The lowest limit of possible
permafrost is defined with a MAAT of −1◦C to −2◦C and MAP of about 2250
mm (Barsch 1996). Regions with MAAT > −1◦C and MAP > 2250 mm do not
have periglacial environments. Even if one variable, temperature or precipitation,
is higher then its defined limit, periglacial features are rarely present. According
to Haeberli (1983), Barsch (1996) created a formula to calculate a possible vertical
extension of the periglacial belt. The input variables are the MAAT at the height
of the equilibrium line altitude and an air temperature gradient, the output is the
vertical extension.
French (2017) generalised the apporach by defining the periglacial environment with
climate variables. By only using the MAAT, a definition of the periglacial condi-
tions is presented. Wherever the MAAT is lower than −3◦C, periglacial conditions
are prevailing and frost is dominating. Conditions with MAAT between +3◦C and
−3◦C can have frost-action processes which do not necessarily dominate.
This approach makes it possible to estimate periglacial environments in a large-scale,
but due to the few input parameters, the approach is not very accurate. It only gives
a rough estimate due to missing influencing parameters like aspect, surface charac-
teristics, radiation balance and the thickness and duration of the seasonally snow
cover.

Figure 2.2 illustrates the limits of the periglacial zone. It is clearly visible that
a strict limitation is not suitable due to the highly heterogeneous topography and
the orientation. The distribution of frozen ground has many influencing factors.
It depends on elevation, temperature, aspect, local topography, snow regime and
subsurface characteristics (Biskaborn et al. 2019; French 2017; Roer 2005). Thus,
different properties influence the micro-climatic conditions which vary considerably
at small scales in alpine terrain (Stocker-Mittaz, Hoelzle, & Haeberli 2002). As a
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result, these properties can also vary within local scales, for example, the distribution
of snow cover is not only dependent on local precipitation, but also on wind drift
and surface properties.

Figure 2.2: Schematic illustration of the periglacial zone in a mountain system.
The left side of the mountain is north exposed, the right side is south exposed (from
French (2017): p. 4).

2.3 Permafrost

Permafrost is a state of frozen ground if lithospheric material remains at or below
0◦C for at least two consecutive years (e.g. Biskaborn et al. 2019; PERMOS 2023;
Zepp 2014). Thus, permafrost is a thermally controlled phenomenon (Biskaborn et
al. 2019; PERMOS 2023; Roer 2005) and only defined on the basis of temperature
(Ferrians, Kachadoorian, & Greene 1969). The presence of water in the soil is not
a necessity (Ferrians, Kachadoorian, & Greene 1969; Grotzinger & Jordan 2016). If
the ground does not contain water at all, it is defined as dry permafrost (Ferrians,
Kachadoorian, & Greene 1969). Permafrost consisting of ice and water can have
seasonal variations in the ratio of ice and water. Ice prohibits a deep infiltration
of melt water which leads to increased moisture contents (Zepp 2014). Likewise,
freeze- and thaw-cycles create typical permafrost patterns. By changing the state of
aggregation from water to ice, the volume is increasing by 9% which results in frost
heave (French 2017).
Permafrost is subclassified into continuous and discontinuous permafrost. If the
MAAT is between −6◦C and −8◦C, it is continuous permafrost and if the MAAT
lies between −1◦C and −6◦C, discontinuous permafrost is prevailing (Grotzinger &
Jordan 2016).
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Table 2.1: Probability of permafrost occurrence dependent on BTS (from Hoelzle
(1996): p. 13).

Probability of Permafrost Occurrence
BTS < −3◦C probable
BTS = −2◦C to −3◦C possible
BTS > −2◦C probably no permafrost

Likewise, a division into warm and cold permafrost with mean annual ground tem-
perature is possible. Ground temperatures are measured several meters below the
ground surface of permafrost. If the mean annual ground temperature is below
−2◦C, it is cold permafrost, if the mean annual ground temperature is above −2◦C,
it is defined as warm permafrost (IPCC 2013).
To differentiate between permafrost of high altitudes and high latitudes, Hoelzle
(1996) introduced the names mountain permafrost and polar permafrost. Both
forms of permafrost are located in cold regions. In this work, permafrost refers to
mountain permafrost.
The BTS can be used as an indicator for the probability of permafrost occurrence
(Hoelzle 1996). The BTS describes the temperature below the winter snow cover
which exceeds a snow thickness of 0.8 m. The temperature limits of permafrost
occurrence and its probability are visible in Table 2.1.

Figure 2.3 represents a temperature profile through permafrost. The lower end
of permafrost is called permafrost basis and extents as far down until the tempera-
tures are rising above 0◦C due to the heat flow from the Earth’s interior (Grotzinger
& Jordan 2016). The upper end of permafrost is labelled as permafrost table and is
limited by the maximum penetration depth of the 0◦C isotherm (PERMOS 2023).
Between the permafrost table and the ground surface is the active layer. The ac-
tive layer thickness describes the maximum annual thawing depth (PERMOS 2019).
Atmospheric conditions and local snow distribution and snow depth influence the
active layer thickness (PERMOS 2019). Snow cover creates a surface offset due
to its insulating properties (Roer 2005). Surface offset describes the temperature
difference between the MAAT and MAGST. The thermal offset specifies the tem-
perature discrepancy between the MAGST and the mean annual temperature at
the top of permafrost and results from different thermal conductivity of the active
layer (PERMOS 2023). Another important variable is the zero annual amplitude
which describes the depth at which seasonal changes in temperature are ≤ 0 to 1◦C
(Biskaborn et al. 2019).
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Figure 2.3: Mean annual temperature profile through a permafrost. Modified,
after Smith and Riseborough (2002): p. 5.

The distribution of permafrost is highly heterogeneous (Biskaborn et al. 2019).
In the Alps, it is a function of topographic and climatic parameters (Keller 1994;
Roer 2005). The main factors influencing permafrost occurrence is air tempera-
ture (Guglielmin, Worland, & Cannone 2012), thickness and duration of snow cover
(Biskaborn et al. 2019; Hoelzle 1996; PERMOS 2023; Roer 2005), direct solar radi-
ation (Hoelzle 1996; Roer 2005) and surface characteristics (Roer 2005).

Mentioning the global extent of seasonally or perennially frozen ground high-
lights the importance of investigating studies in this field of research. Permafrost
covers approximately 24% of the land area in the northern hemisphere (IPCC 2007;
T. Zhang et al. 1999). Including the seasonally frozen ground, the long-term average
of the maximum extent is 51% of the land area in the northern hemisphere (IPCC
2007; T. Zhang et al. 2003). Thus, frozen ground represents the cryospheric compo-
nent with the largest extent. However, climate change contributes to increased loss
of permafrost areas. More frequent heat waves amplify permafrost thawing (IPCC
2023).
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2.4 Rockglacier

First and foremost, the term rockglacier is written as one word to differentiate them
from glacial features (Barsch 1992, 1996). Rockglaciers are not glaciers, they are
visible expressions of periglacial features and indicate the existence of permafrost
(Barsch 1996). Rockglaciers are distinguished into three different kinds: active, in-
active and relict rockglaciers. Haeberli (1985) defined active rockglaciers as follows:

Active rockglaciers are the visible expression of steady-state creep of
ice-supersaturated mountain permafrost bodies in unconsolidated materi-
als. They display the whole spectrum of forms created by cohesive flows.

Barsch (1996) presented a similar definition, but highlighted the importance of
three main characteristics to specify rockglaciers. They are process (1), material (2)
and form (3). Process (1) describes the creep of mountain permafrost. The frozen
ground is supersaturated with ice, which creates a frost heave due to the volume
expansion of ice in comparison to water or pore volume. The deformation of ice, due
to gravity driven downslope movement, creates the landform of rockglaciers. The
source of the material (2) for rockglaciers are from talus slopes and moraine deposits.
Thus, it contains unconsolidated frozen rock fragments, till and debris. The form
(3) of rockglaciers are mostly tongue- or lobate-shaped, the surface is characterised
by furrows and ridges. The extend is normally restricted by the surrounding topog-
raphy but it can also be limited by the input of rock fragments or by the inclination.

Active rockglaciers have a distinct appearance. They stand high above the ad-
jacent terrain (at least 10 to 20 m) and their surface is characterized by transverse
ridges and furrows, which are bent downslope. Particular large boulders are at the
surface, fine material can only be found at the front and side slopes (Barsch 1996).
Inactive rockglaciers are similar to actives ones, though nowadays, they do not show
movement anymore (Barsch 1996; Ikeda & Matsuoka 2002). However, they still con-
tain permafrost but due to melt processes inducing degradation, the surface starts
to subside which decreases the frontal angle of the tongue from around 40◦ (active
rockglacier) to around 35◦ (inactive rockglacier) (Ikeda & Matsuoka 2002).
Relict rockglaciers are past rockglaciers. They consist no longer of ice due to melt.
Their surface structures are collapsed, thus their relief is subdued in comparison to
active and inactive rockglaciers (Barsch 1996; Ikeda & Matsuoka 2002). The angle
of the front at the tongue decreases to values of 30◦ (Ikeda & Matsuoka 2002).
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The distribution of rockglaciers is restricted to climatic conditions. Only low en-
ergy input and low precipitation values enables rockglacier formation. Barsch (1996)
stated that rockglaciers can only occur at places with MAAT below −1◦C to −2◦C.
Annual precipitation values should not exceed 2500 mm (Haeberli 1983). Thus, the
favorable environment for rockglaciers are in dry mountains with low temperatures.
Such conditions are found within the periglacial belt (see Section 2.2). Likewise,
local relief and microclimatic conditions influence the possibility for rockglacier dis-
tribution (Barsch 1996). Local reliefs influence the formation of rockglacier, e.g.
talus rockglaciers can only develop below talus slopes.
In the northern hemisphere in mid-latitude mountains, rockglaciers are mainly found
in northern exposures from north-west to north-east within the periglacial belt
(Barsch 1996).

2.5 Processes and their Parametrisation

2.5.1 Energy Fluxes and Heat Transmission

Energy fluxes define the thermal state of the ground surface. To understand the
importance of it, a simple and an extended energy balance model is presented. In
section 2.5.2, the influence of seasonality and snow cover is described in detail.
The energy fluxes define the energy balance at the ground surface and thus, the
ground surface temperature (Hoelzle 1994). Therefore, the distribution of per-
mafrost is determined by the spatial distribution of the surface energy balance factors
and the corresponding thermal conditions of the subsurface (Keller 1994).
The energy balance at the surface is determined by the radiation balance, heat ex-
change processes at the surface with the atmosphere and ground heat fluxes (Hoelzle
1994; Keller 1994). Surface temperature plays a crucial role, as all involved compo-
nents depend on it or are influenced by it (Keller 1994). Changes of the MAGST
are attributed to site- or climate-specific variations which affects the energy balance.
Accordingly, changes of the GST refers to changes of the energy balance components.
There exist two regular cycles which are described by daily and yearly repeating pat-
terns of the energy fluxes. Seasonality as well as daily variation results in different
amounts of received energy (Hoelzle 1994). Additionally, irregular fluctuations are
induced by weather (e.g. clouds), climate, topography (altitude, exposition, moun-
tain shadow, surface roughness) and latitude (length of day) (Hoelzle 1994).
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The simple energy balance consists of net short- and long-wave radiation, tur-
bulent fluxes (latent and sensible heat) and ground heat fluxes (Hoelzle 1994; Keller
1994). Equation 2.1 shows the quantification of the energy balance at the earth’s
surface described by Ohmura and Raschke (2005) with adapted notations.

Sin − Sout + Lin − Lout ±QH ±QLE ±QG ±QM = 0 (2.1)

Sin, Sout are shortwave and Lin, Lout longwave incoming and outgoing radiation,
respectively. QH is the sensible heat flux, QLE the latent heat flux, QG the ground
heat flux and QM the melt energy. Positive signs indicate downward directed ra-
diation which implies energy gain, thus a component which has the ability to heat
the surface. Negative signs describes upward directed radiation, thus energy loss
(cooling component). Since the direction of turbulent fluxes, ground heat flux and
melt energy can be positive as well as negative with time, specific cases have to be
defined to clarify their sign. The heat flux changes continuously over time (daily
and seasonal) but the sum of of the vertical flows (upward and downward directed)
remain zero in a steady state over the course of a year (Hoelzle 1994).
At seasonally snow-covered sites, further variables are needed, like the melt energy
of snow and the heat flux through the snow cover. Scherler et al. (2014) presented an
extended energy balance model which includes the effect of snow and a blocky sur-
face layer. Especially for blocky terrain, they included the net long-wave radiation
between the adjacent blocks, the melt and freezing energy within the active layer
and the permafrost table as well as the heat storage change. All these parameters
influence the energy balance additionally.
The net short- and longwave radiation is dependent on slope angle and exposition
(Hoelzle 1994). Furthermore, surface roughness and shadow caused by the shape
of the blocks and surrounding terrain can change the radiation density (Scherler
et al. 2014). Additionally, the radiation is influenced by the surface albedo. The net
shortwave radiation has large spatial and temporal variability. The net longwave
has less spatial and temporal variability. It is mainly dependent on the temperature
and the emissivity (Hoelzle 1994). Thus, the duration of snow cover is of great
importance due to the determination of the albedo (Hoelzle 1994).
Turbulent fluxes consist of latent and sensible heat fluxes. Latent heat is the energy,
which is needed or discharged by changing the state of aggregation but without any
change of temperature. By transforming ice to water (melt), water to water vapour
(evaporation) or ice to water vapour (sublimation), energy is needed. If water vapour
or water condensates or freezes, respectively, energy is released. Likewise, if water
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vapour directly transforms to ice (deposition), energy is set free. These energy re-
quirements or releases are referred to as latent heat. If the temperature is around the
melting point, energy is dedicated for melt and latent heat leaves the environment
in form of melt water. Melt, evaporation and sublimation results in lower temper-
atures in comparison to environments which do not have water available. Latent
heat adsorbed in these processes cools the environment (Harris & Pedersen 1998).
The sensible heat flux conducts to a temperature change. It correlates with the
incoming longwave radiation and thus, with the air temperature. Thereby, the sen-
sible heat flux is influenced by the radiation properties of the ground surface, the
heat conductivity of the upper soil layer, altitude and topography (Hoelzle 1994).
Both turbulent fluxes are dependent on wind speed and surface roughness. The
greater the wind speed and surface roughness, the greater the turbulence, and thus,
the greater the mixing of the airmass. In addition, wind is important during snow-
free periods due to its ability to increase the turbulent fluxes, which can have large
impacts on the temperature. If the air from the ground is directly exchanged with
the atmosphere, the temperature change is almost instantaneously (Harris & Ped-
ersen 1998).
The ground heat flux is dependent on the heat conductivity of the soil, thus tribu-
tary on the properties of the soil and its composition (ratio of soil, water, ice and
air) (French 2017).
The melt energy is important during melt periods. It causes a stabilisation at 0◦C
at the surface during melt (see section 2.5.3) (Hoelzle 1994).
Convection, advection and conduction are processes of heat transmission, thus im-
portant to describe energy fluxes. Convection, or convective process, specifies the
transport of energy by a fluid (Wicky & Hauck 2017). It is also referred to as the
Balch effect (Harris & Pedersen 1998; Scherler et al. 2014). Due to the temperature
dependent densities of air, cold and dense air can displace warmer air within voids
of coarse material. Internal air circulation within the upper ground layers can have
a cooling effect (Keller 1994). In summer, during periods with high amount of in-
coming solar radiation, air temperatures at the surface are increasing. Due to the
higher temperature of the air, the density is smaller than from the air within the
voids. Thus, the warmer air cannot penetrate into the rockglacier. This behaviour
results in an insulating effect due to air-filled voids in coarse deposits (Barsch 1996;
Haeberli et al. 2006). In section 2.5.4, a special case of convection is described.
Advection, or advective process, describes continuous air exchange between the voids
and the atmosphere (Harris & Pedersen 1998).
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Conduction refers to the heat transfer by a medium. In the case of periglacial en-
vironments, conduction describes the water flow between the blocks (Scherler et al.
2014).

2.5.2 Comparison of Energy Fluxes in Summer, Autumn and

Winter

Energy fluxes, thus the incoming and outgoing energy, vary within a year. Figure
2.4 visualises the difference between the seasons and the effect of different snow cover
thicknesses.
In summer, when no snow covers the ground, the net radiation is highly positive
(Gustafsson, Stähli, & Jansson 2001; Hoelzle 1994; Marks & Dozier 1992). Strongly
positive net radiation results from increased receiving solar radiation during summer
months in the Alps. The lower albedo of rocks in comparison to snow results in
increased absorption of shortwave radiation.
Ice in the active layer is exposed for melting, creating an energy flux directed towards
the surface. But meanwhile, cool nights and decreasing temperatures, like in late
summer, can cause an opposite direction of latent heat flux. The importance of latent
heat flux in coarse rocks over permafrost is not clear yet. Hoelzle (1994) mentioned
a reduced importance due to the fast runoff induced by the high porosity.
The direction of the sensible heat flux depends not only on seasonality, but also on
daily variation. Sensible heat fluxes are only present if there exist a temperature
gradient and they point towards the balancing direction. Temperature gradient can
be created by radiation or latent heat fluxes, thus it depends on incoming longwave
radiation and air temperature. Due to the highly variable weather appearance and
incoming radiation, the direction of the sensible heat flux varies in summer (Hoelzle
1994). Generally spoken, the sensible heat flux is large if there is no or only little
water available due to the increased energy available which is not consumed by the
latent heat flux.
Advective fluxes are negative in summer, discharging the energy surplus of the net
radiation. In winter, they are positive, and compensate the energy deficit (Mittaz,
Hoelzle, & Haeberli 2000).
Ground heat fluxes are positive when meltwater starts penetrating into the still
frozen ground (Mittaz, Hoelzle, & Haeberli 2000) resulting in heat input (Hoelzle
1994).
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2.5. Processes and their Parametrisation

If snow falls on coarse blocks, the thickness of the snow cover defines the direction
of individual energy fluxes. If the snow cover has a thickness of < 0.1 m, the
greatest difference to no snow or snow cover > 1 m results by the net longwave
radiation. This generates a strongly negative energy flux and creates a net radiation
which is as strongly negative, indicating an intense ground cooling (Keller 1994).
The latent as well as the sensible heat fluxes are both negative, resulting from the
decreasing temperatures and the increased importance of the latent heat flux due
to the increased water availability. If there is enough energy to melt the snow, melt
water and thus melt energy can leave the system (Hoelzle 1994; Sade et al. 2014).
In this case, the net energy flux is negative (Mittaz, Hoelzle, & Haeberli 2000).
If the snow cover thickness is > 0.8 m, the insulating effect of the poorly conductive
snow layer exceeds the cooling effect of the thin snow cover (Hoelzle et al. 2001;
Luo, Jin, & Bense 2019). The net longwave radiation is still negative but does not
suppose as small values (Sade et al. 2014). Likewise, the effect of sensible heat flux
can have opposite directions. Gustafsson, Stähli, and Jansson (2001) and Mittaz,
Hoelzle, and Haeberli (2000) mentioned that the sensible heat flux is an energy
loss for the system. On the other hand, Cline (1997), Hoelzle (1994), Marks and
Dozier (1992), and Sade et al. (2014) stated that it is an energy source. Thus, the
pointing direction is difficult to determine and has to be evaluated individually for
each specific case.
The net energy flux is also negative for a thick snow cover, but the energy loss is
not as big as for a thin snow cover (Gustafsson, Stähli, & Jansson 2001).

2.5.3 Zero Curtain Effect

The Zero Curtain (ZC) effect describes periods of phase change and can be explained
with the latent heat (see section 2.5.1). Hence, the temperature maintains around
0◦C over extended periods on freezing or thawing soils (Outcalt, Nelson, & Hinkel
1990) and can be referred to as melting period. Periods with rising temperatures
forces the melting of snow on a frozen ground, which mostly takes place during
spring (Staub & Delaloye 2017). In autumn, melt of fresh snow on still unfrozen
ground occurs in basal melting (Staub et al. 2017). During phases with decreasing
temperatures, ground freezing induce a ZC. Likewise, when rain falls on snow, the
water percolates through the snow and can refreeze at the bottom (Staub & Delaloye
2017). Gently inclined slopes, which favour snow accumulation, can have a distinct
ZC. Steep rock walls or windblown locations show weak or no ZC. Generally, they
follow the air temperature variations (Staub et al. 2017).
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2.5. Processes and their Parametrisation

2.5.4 Chimney Effect

Porous material, like debris accumulations (e.g. talus slopes), can have internal air
circulations which strongly influences the internal temperature regime, thus the pres-
ence of permafrost (Delaloye & Lambiel 2005; Morard, Delaloye, & Lambiel 2010;
Wicky & Hauck 2017). The chimney effect results from convective heat transfer
due to the temperature differences between external and internal air of periglacial
structures (e.g. Wicky & Hauck 2017). The direction of flow within the debris ac-
cumulation depends on the seasonality (Morard, Delaloye, & Lambiel 2010; Wicky
& Hauck 2017).
In summer, cold air from top of the slope descends due to the higher density of cold
air in comparison to warm air. This comportment is only possible if the external
air temperature is higher than the internal air temperature (Delaloye & Lambiel
2005). This results in a gravity driven discharge of cold air at the foot of the debris
accumulation. Thus, the GST does not rise significantly higher than 0◦C in this
area (Morard, Delaloye, & Lambiel 2010) preventing the accumulation of vegetation
(Delaloye & Lambiel 2005). In the upper part of the slope, warm air is aspirated.
In winter, the direction of the circulation is inverted. Warm air from the internal
structures of the talus slopes ascends, and exits through melt holes in the snow
cover, so-called funnels, at the top of the slope. This creates a suction at the foot
of the slope which aspirates cold air from the environment, creating a cold reservoir
within the scree (Delaloye & Lambiel 2005).
Snow cover on top of debris does not prevent the air to circulate, the air can flow
through the pores of the snow. Thus, if the snow cover is porous, it has an insignif-
icant role by considering the chimney effect (Morard, Delaloye, & Lambiel 2010).
The ventilation system has its origin due to phase change of water within the ground
(Delaloye & Lambiel 2005) and by the advective energy fluxes (Morard, Delaloye,
& Lambiel 2010). Both influence the thermal regime. Large differences between the
internal and the external air temperature result in distinct chimney effects (Morard,
Delaloye, & Lambiel 2010; Wicky & Hauck 2017). Additionally, if the voids be-
tween the blocks have a high connectivity, the effectiveness is high (Wicky & Hauck
2017). The internal air circulation is mostly influenced by the winter air tempera-
ture, whereas the summer air temperature and the snow depth have far less influence
(Morard, Delaloye, & Lambiel 2010).
At sites with chimney effects, the GST depicts the direction and intensity of the flow
when comparing it with the air temperature. If the GST and the air temperature
are similar, an aspirating regime is assumed (winter phase). If they differ signifi-
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cantly, an expelling phase may be assumed (summer phase) (Morard, Delaloye, &
Lambiel 2010). In addition, the GST differs from periglacial features which are not
influenced by the chimney effect. Generally, the chimney effect results in decreased
GST in comparison to conventional permafrost situations in high altitude (Morard,
Delaloye, & Lambiel 2010). Delaloye and Lambiel (2005) stated that a chimney
effect may be possible in an inactive or relict rockglacier, depending on the ice con-
tent. Low ice content and high porosity favours the creation of a chimney effect.
The limiting factor is the capacity for air to circulate.

2.5.5 Snow Cover and Surface Offset

The development of snow cover is highly variable in space and time, it depends on
precipitation patterns and is locally influenced by wind, avalanches and radiation
(e.g. Gubler et al. 2011; Haeberli et al. 2010; Staub & Delaloye 2017). Strong winds
forces snow drift which redistributes snow and thus has the ability to accumulate
large snow heights in hollows and bare-blown open areas (Gisnås et al. 2014).
Snow has a high albedo, reducing the incoming shortwave radiation. Hence, it in-
fluences the radiation balance at the surface (Gisnås et al. 2014; Hoelzle et al. 2001;
Staub & Delaloye 2017). Likewise, snow has a high emissivity, which changes the
energy balance of the longwave radiation (Keller 1994).
Snow cover has a low thermal conductivity. Thus, it has the ability to insulate the
ground surface from the atmosphere (e.g. Gisnås et al. 2014; Hoelzle et al. 2001;
Staub & Delaloye 2017). Especially newly fallen snow has a low thermal conduc-
tivity due to low density. With an increasing age of snow, the density increases as
well as the thermal conductivity. At a snow height larger than 0.8 m, the ground is
effectively insulated from the atmosphere (Haeberli 1973; Keller 1994). Decoupling
the surface from the atmosphere influences the thermal regime of the ground (Gisnås
et al. 2014) and is substantially dependent on the snow height and density (Keller
1994). In high mountain environments in the Swiss Alps, heat fluxes decrease con-
tinuously from January to spring. Once the thermal resistance of a snow depth >

0.8 m is reached, the heat flux fluctuates only minimally even with large changes in
air temperature (Keller 1994).
Early snow fall in autumn can have two opposite consequences, depending on the
amount of snow. Accumulation of a thick snow cover (> 0.8 m) in autumn pre-
vents the ground from cooling down, resulting in higher GST than without snow
cover (Keller 1994). The insulating snow cover has thus an unfavourable effect on
permafrost. The stored summer heat in the active layer cannot leave because the

19



2.5. Processes and their Parametrisation

temperature gradients, thus the heat flows, are too small (Hoelzle 1994; PERMOS
2023).
No or only a thin snow cover in autumn enables a cooling of the ground in cold
periods (Marmy et al. 2013). A thin snow cover of around 5 cm results in the
largest emission of energy in comparison to thick snow covers (> 0.8 m) or no snow
(Keller 1994). The heat loss through the emission of longwave radiation prevails the
insulating effect of snow cover. This leads to strong cooling of the upper ground
layers. This correlation is referred to as the early autumn snow effect. Thus, the
accumulation (timing and thickness) of snow in autumn is an important influencing
factor on interannual GST variations (Marmy et al. 2013; Staub & Delaloye 2017).
In spring, long-lasting and thick snow covers prohibit a warming by sheltering the
surface (Hoelzle et al. 2001; Keller 1994). During this season, snow has its maxi-
mum insulating effect although old snow has a thermal conductivity of almost three
times higher than new snow (French 2017; Johnston 1981; Williams & Smith 1989).
Large snow thicknesses compensate the higher thermal conductivity which results
in a lower thermal conductivity (Keller 1994).
Hence, the timing of the first snow fall, accumulation of a snow layer > 0.8 m and
the duration of the snow cover as well as snow melt strongly influences the thermal
regime (e.g. Goodrich 1982; Marmy et al. 2013; Staub & Delaloye 2017; Stocker-
Mittaz, Hoelzle, & Haeberli 2002).
Snow melt is not only influenced by radiation but also by the refreezing of melt
water within the snow pack and the percolation of water into the snow from rain or
surface melt (Staub & Delaloye 2017).
Snow cover influence the local GST and generates a so-called surface offset (indicated
in Figure 2.3). The surface offset describes the temperature difference between the
MAGST and the MAAT (PERMOS 2019). Accordingly, seasonal variations of snow
cover results in a strong interaction with the ground thermal conditions (Stocker-
Mittaz, Hoelzle, & Haeberli 2002) and can be described with the surface offset.

2.5.6 Bulk Effect

In snow free periods, like it occurs in late spring and summer, the most important
influencing factor on GST is air temperature (Guglielmin, Worland, and Cannone
(2012), see section 2.5.7). However, other properties, like shading effects, terrain
and subsurface properties describe the remaining spatial variability and should not
be neglected (Staub et al. 2017).
Subsurface properties can be described by the bulk density, porosity, moisture con-
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tent, degree of saturation and thermal conductivity. Each soil is composed of soil
particles, water and air. By varying the amount of the composition, different soil
properties prevail.
The bulk density describes the specific weight of the soil and is defined by the total
weight divided by the total volume (French 2017). The porosity describes the ratio
between the volume of voids and total volume of the soil sample (French 2017; Hen-
driks 2010). The moisture content is dependent on the porosity. The smaller the
voids between particles, the greater are the capillary forces, thus, the more water
remain in the soil. In turn, this influences the degree of saturation.
The thermal conductivity depends on the type of the prevailing soil, moisture and ice
content (R. Li et al. 2019). Additionally, a temperature gradient is needed (French
2017). Due to the fact that the analysed rockglaciers are composed of the same
lithology, the thermal conductivity of the soil can be neglected. This reduces the
thermal conductivity to the amount of water, ice and air in the soil. Table 2.2 shows
the thermal conductivity dependent on material. The thermal conductivity of ice is
approximately four times larger than the one of water and approximately 90 times
larger than the one of air. Thus, it is strongly dependent on the variation of soil
moisture, ice content and snow cover (French 2017; R. Li et al. 2019).
During a year, distinct patterns due to seasonality can be seen. High thermal con-
ductivities prevail in winter, when the water within the soil is frozen and the ground
surface is covered with snow. Low values are found if the pores are filled with water
or air, thus in spring or summer (Goodrich 1982). Hence, the thermal conductivity
during freeze and thaw cycles can control the energy and moisture exchange between
the atmosphere and permafrost (R. Li et al. 2019) and influences the depth of the
zero annual amplitude (French 2017). Hoelzle (1994) stated that the soil heat flux
is primarily dependent on the thermal conductivity.
At the surface, large blocks and boulders are the main prevailing grain size. With
increasing depths, the grain size decreases. At the permafrost table, fine-grained
material is predominant (Haeberli et al. 2006). Thus, an increasing gradient of the
bulk density from the surface to the permafrost table is defined. Between the blocks,
large voids are present which are filled with water, air or snow, dependent on the
season. Normally, water percolates to deeper soil horizons and to smaller pore sizes,
where the capillary force is strong enough to hold water within the pores. Voids
filled with air or snow reduce the thermal conductivity, prohibiting an interaction
between the permafrost and the atmosphere (Haeberli et al. 2010; T. Zhang 2005).
The effect of a disconnection by snow is larger than by air due to its persistence
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(French 2017). Water remaining or leaving the system determines the thermal con-
ductivity as well as the latent heat effect (see section 2.5.1 and 2.5.3).

The stability of permafrost depends on temperature, loading and deformation
rate (Nickling & Bennett 1984). Thus, the stability of slopes with unlithified material
and permafrost can vary with time. The internal ice content as well as the structural
interaction between the soil particles in the frozen ground define the prevailing
stability (Haeberli et al. 2010). Hence, increasing temperatures force a thawing of
ice which has a major influence on slope stability. With decreasing temperatures,
the strength of frozen ground increase. The strength of frozen soils is higher than the
strength of unfrozen material due to the cohesion contribution from the ice matrix
(Haeberli et al. 2010). Additionally, an increase in ice content in frozen soils enhance
the shear strength until a certain critical point, where the behaviour changes its
pattern to the opposite (Nickling & Bennett 1984). Hence, the temperature as well
as the ice and water content are important quantities for determining the stability
of permafrost bodies.

Table 2.2: Thermal conductivity of selected materials. Modified table section from
N. Zhang and Wang (2017), data from Bejan and Kraus (2003), Johnston (1981),
and Williams and Smith (1989).

Materials Thermal conductivity
(W m−1 K−1)

Air (10◦C) 0.024
Water (25◦C) 0.605
Ice (0◦C) 2.23
Fresh snow 0.2
Old snow 0.55
Scree (wet) 1.5
Scree (dry) 0.6

2.5.7 Ground Surface Temperature

The GST is a quantity which is simple to measure. Nonetheless, many processes,
influencing factors and parameters can be earned by analysing the GST. The GST
results from the energy balance at the ground surface (PERMOS 2023). Hence,
measuring the GST provides information about the thermal conditions at the sur-
face. The energy balance, thus the GST, is influenced by the atmospheric conditions
(PERMOS 2019), snow characteristics (e.g. Luo, Jin, & Bense 2019; PERMOS 2019;
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Staub et al. 2017) and topography (Luo, Jin, & Bense 2019; Staub et al. 2017) as
well as by the elevation and surface properties (Luo, Jin, & Bense 2019). The timing
of the first snow fall in autumn, the duration and thickness as well as the time when
the ground becomes snow free are relevant (PERMOS 2019).
Fluctuations of GST follows the daily variation of air temperature during snow free
periods (Guglielmin, Worland, & Cannone 2012) (Figure 2.5). The spatial vari-
ability of GST results from radiation discrepancy, topography (e.g. shading effects,
terrain) and subsurface properties (Staub et al. 2017). Large interannual variations
can be found at sites which are less influenced by snow (e.g. ridges or steep rock
walls) or coarse, blocky or porous ground material, which favours convection (Gisnås
et al. 2014; Staub et al. 2017) (see section 2.5.1). These situations can result in an
intense ground cooling (Staub et al. 2017).
Surface properties have an impact on GST during the entire year. The surface
roughness influences the accumulation of snow in winter, the creation of wind driven
turbulence and further circulations like chimney effects (Delaloye & Lambiel 2005;
Wicky & Hauck 2017) as seen in section 2.5.4. Different time series of GST depend
more on topography and snow characteristics than spatial proximity (Staub et al.
2017).

Figure 2.5: Typical annual GST trend from permafrost in the Alps. Characteristic
trends are highlighted (from Hoelzle, Haeberli, and Stocker-Mittaz (2003), p. 419).
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2.5.8 Bottom Temperature of the Winter Snow Cover

The concept of the BTS was developed by Haeberli (1973). Since then, many studies
and measurements were conducted (e.g. Hoelzle 1992; Roer 2005; Schoeneich 2011)
to confirm the statements and for further research.
Measuring the BTS enables detection of permafrost distribution (Haeberli 1973;
Haeberli & Patzelt 1982; Hoelzle, Haeberli, & Stocker-Mittaz 2003; Hoelzle 1992)
(see section 2.3). The BTS describes the ground surface temperature below a thick
enough snow layer. It is restricted to sites and time periods with a snow cover larger
than 0.8 m of thickness (Haeberli 1973; Hoelzle, Haeberli, & Stocker-Mittaz 2003;
Hoelzle 1992; Keller 1994). Thus, this condition is normally given in spring in the
Swiss Alps, roughly from February to April (Haeberli & Patzelt 1982). Under this
thick enough snow layers, the BTS remains constant if the melting period is not
yet reached (Hoelzle 1992). If the snow layer is less than 50 cm, the fluctuations
of the BTS are large in comparison to snow layer thicknesses of around 1 m due to
the daily variation of air temperature (Haeberli 1973). Thus, the BTS reflects the
thermal state of the ground below (Haeberli 1973; Hoelzle 1992; Roer 2005).
The determining factor is primarily the heat flux from the upper ground layers (Hae-
berli 1973; Haeberli & Patzelt 1982; Hoelzle 1992). Hence, Hoelzle (1992) described
that the BTS is a function of the MAGST, which is a function of the different heat
fluxes (net radiation, latent and sensible heat, melt and ground heat flux) as de-
scribed in section 2.5.1.
Continuous measurements of BTS provides parameters such as the snow cover du-
ration, the length of the ZC period, the onset of meltwater percolation, the duration
of ground freezing and thawing as well as the mean annual, seasonal or daily GST
(Hoelzle, Haeberli, & Stocker-Mittaz 2003). Figure 2.5 illustrates a typical annual
GST recording from permafrost in the Alps which highlights characteristics of the
GST and BTS.

2.5.9 Ground Freezing and Thawing Indices

The GFI and the GTI are dimensions to quantify how cold or warm a year was at
the ground surface (PERMOS 2019). It describes the annual sum of all days with a
negative (GFI) or positive (GTI) GST.
The more negative the value of GFI, the more days had a negative GST. Also,
the magnitude of the cold season is represented. Very low GFIs indicate a cold
season. The same is valid for the GTI but with positive GST. Thus, the size of
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these indices can give information about the duration of an insulating snow cover
(PERMOS 2019). Hence, they are indicators of climate change (Frauenfeld, Zhang,
& Mccreight 2007). Analysing the freezing and thawing indices can provide findings
about the changes of the thermal regime of permafrost (Luo et al. 2014).
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3. Methods
3.1 Field Measurements

The first measurement of this 22 year long time series started in autumn 2001.
The motivation of the GST monitoring was predicated on different projects and
served the basis for the dissertation by Isabelle Gärtner-Roer (Roer 2005). The
funding depended on running projects and was later handed over to the PERMOS
Monitoring Strategy. Due to missing funding in 2008/09, no data retrieval took
place.
The data retrieval always occurred in autumn (September to October) each year
since 2001, when the first loggers were distributed. The data retrieval follows the
course of hydrological years, which lasts from the 1st of October to the 30th of
September.

Figure 3.1: Scientific Datalogger (UTL-3) from GEOTEST.

For measuring the GST, Universal Temperature Loggers (UTLs) were used (Fig-
ure 3.1). UTLs are powerful miniature data loggers for temperature measurements
and logging. The UTL series, UTL-1, UTL-2 and UTL-3, whereupon the current
data logger on the market is the UTL-3, are developed by GEOTEST and the In-
stitute for Snow and Avalanche Research (SLF) in Switzerland. Each UTL consists
of a small, robust body and lid which locks the body with a screw top.
The following characteristics are valid for UTL-3 and can be found at the webpage
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3.1. Field Measurements

of GEOTEST (2023). Due to their reliable and robust construction, they can mea-
sure a temperature range between −30◦C and +40◦C with an accuracy of ±0.1◦C at
±20◦C and ±0.2◦C at ±40◦C. The data resolution is < 0.1◦C. The used thermistor
in the UTL-3 is YSI 44005 with a typical thermometric drift for 0◦C < 0.001◦C in
100 months. They can collect up to 65’000 data points. The device is running on
provided batteries, which have a life time of up to three years.
The UTL-1 and UTL-2 data loggers were the former loggers. They have an op-
erating range between −29◦C and +39◦C with an accuracy of ±0.1◦C within the
working range. The data resolution is 8 bit, hence, the data is only stored with a
resolution of 0.27◦C. Thus, the resolution of the UTL-3 (< 0.1◦C) is prominently
improved. The used thermistor for both, UTL-1 and UTL-2, was TMC-1T and the
loggers run with a lithium cell lasting for approximately two years.

As measurements began in 2001, UTL-1 were used. In 2015, the first UTL-3
were distributed in the field. However, up to September 2017, some UTL-1 were still
in service. From October 2017 up to now, only UTL-3 are in usage. The data log-
gers were changed to a newer model because the production of the used batteries in
the UTL-1 was abandoned. Also, in certain places, the loggers were not detectable
anymore in the field. In these cases, the loggers were partially replaced, dependent
on the decision if the current location is reasonable to continue. The batteries were
changed regularly to prevent data gaps.

The thermistors were all placed as similar as possible. The optimal location is
as follows, whereby not all data loggers had the opportunity to be placed like this.
Large rocks with sizes > 2 m were not as sensitive to movement thus only changing
their position slowly. The data loggers were placed on the site of big rocks in down
slope direction so that they are protected from rocks which may overrun them. Ad-
ditionally, the chosen place should be in the sun as rarely as possible. Thus, they
are mostly situated within a small trough or next to larger rocks which shade the
place. Each thermistor is attached with a thin cord to a rock with a width of about
20 to 30 cm. The UTLs are not buried into the ground, they are only placed on the
ground with the attached rock on top of it. The height of the rock is mostly around
10 cm. In Figure 3.2, (a) an example of ideal placement is visible, in Figure 3.2 (b),
a less ideal placement is shown due to a long exposition to the sun. Figure 3.2 (c)
shows how the thermistors were attached to a stone and in Figure 3.2 (d) is visible
how the data loggers are placed below the attached stone.

27



3.1. Field Measurements

Figure 3.2: (a) Ideal placement of a data logger in front of a big rock in down
slope direction. (b) Unfavourable placement of data logger due to direct sun light
and no protection of a big rock. (c) Data logger attachment. (d) Placement of data
logger.

Each year at the beginning of October, besides 2008, the loggers are read out.
In the first few years (from 2001 to 2006), the loggers were launched in the office or
in the field before they were placed to their measurement locations. Locations that
were already equipped with loggers in the previous year, were mostly replaced with
a newly launched logger. Since 2006, in the majority of cases, the data was directly
read out in the field. The loggers got connected to a field computer to store the data
files. The data on the loggers was then deleted due to the limited storage capacity.
Then, they were again placed at the same site as in the previous year. Thereby, the
measurement gap during data retrieval was reduced to a minimum. Only if the data
loggers did not measure continuously to the end of a measurement period, data gaps
occurred.
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3.2 Data Specification

The data loggers were placed on two active rockglaciers (Huhh1 and Huhh3) and on
an inactive rockglacier (Huhh2) as well as at a moraine at the east side of Huhh1 in
the Hungerlitelli. The data acquisition took place continuously from autumn 2001
up to today besides the hydrological year 2008/09. In autumn 2008, no loggers were
distributed in the field. Thus, there is a data gap from the 1st of October 2008 to
the 30th of September 2009. All other years have at least one logger per landform.
On rockglacier Huhh1, the amount of loggers per hydrological year varied between
1 and 15 loggers. The minimal amount of loggers covering rockglacier Huhh1 was
in the hydrological year 2005/06 with only one logger. From 2014 to 2017, only two
loggers represented the data gathering of Huhh1. Years 2002 to 2004 were covered
with the highest amount of loggers with up to 15 loggers. Since October 2017, 7
loggers are distributed on Huhh1.
On rockglacier Huhh3, 2 to 10 loggers were distributed over time. Huhh3 had the
fewest loggers in the hydrological year 2006/07 with 2 loggers. 2003/04 represents
the year with the maximum amount of loggers distributed on Huhh3 with 10 loggers.
From October 2017 up to October 2023, the amount of loggers stayed continuously
at 6.
The inactive rockglacier Huhh2 only had up to a maximum of 3 loggers per hydro-
logical year. Several hydrological years are not covered with data loggers (2001/02,
2004/05, 2005/06, 2008/09, 2014/15 and 2015/16). Since October 2016, one logger
continuously represents the data gathering for Huhh2.
Due to rockfall or movement of the rockglaciers, several UTL were overrun by rocks,
buried or lost. Thus, the number of loggers changed over time.
In addition to the rockglaciers, up to 12 loggers were placed at a moraine at the
east side of Huhh1. The data recording on the moraine was between 2002 and 2008
with a data gap in the hydrological years 2005/06 and 2006/07.
A complete table describing the quantity of loggers per hydrological year can be
found in the appendix A.1. For detailed information about the location of the log-
gers, see section 4.1.

3.3 Data Screening

The analysis was done with RStudio (R version 4.3.0), Excel (Microsoft Office Home
and Student 2013) and QGIS (Version 3.32.3).
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The two used generations of UTL-loggers have different output files. The gener-
ation of UTL-1 loggers have a ".dtf" file format as output. This file can be converted
with the software "UTL Management Tool" provided by GEOTEST (2023) to a text
file. Since this software is recommend using Windows XP Service Pack 2, an older
computer is needed. In addition, if the data files from the UTL-1 loggers are not
directly converted with the UTL Management Tool, the standardised output format
cannot be transformed easily to a text file format with other software. This is an
unfortunate disadvantage since the raw output files cannot be used anymore if the
UTL Management Tool is not running. The format of the data file of the UTL-3
generation has the form ".utl" and text file. Thus, when the data from the loggers
will be stored on a computer, they will be directly saved as text files. This is a
useful improvement since no data format transformation is needed.
The structure of the output files of the UTL-1 and UTL-3 generations differ as well.
The output of UTL-1 loggers only contains the information for date, time and tem-
perature, thus reduced to the minimum. If the file name is not chosen appropriate,
the data cannot be used anymore since no information about the logger is written
within the file. On the other hand, the data screening of those files can directly
started with an analysis tool like RStudio because the raw format has a suitable
format for further analysis. However, the time is stored to a tenth of a second but
the measurement accuracy is limited to seconds. Hence, additional steps are needed
to transform the time to a precision of seconds.
The output files of the UTL-3 loggers contain additional information about the
project, location, serial number, start and end of sampling date as well as sampling
interval and number of total samples within the file. The great advantage of these
additional facts besides the sampling time and the temperature is that the infor-
mation about the logger series number cannot be lost. Additionally, the start and
end date can directly be read out as well as the sampling interval. The disadvan-
tage of this format is that the file has to be edited beforehand to reduce the file to
the information of sampling date and temperature. Another thing which makes the
data screening less efficient is that the column temperature does not have a title.
Thus, this has to be added which increases the needed steps to refine the files to an
appropriate format.

The design of the data acquisition has changed for most locations since 2006 (see
section 3.1). Before 2006, the loggers were not always at their measurement location.
The preparation of the used loggers occurred often before field work. Thus, they

30



3.3. Data Screening

were launched before they were distributed into the field, which needs additional
data screening accordingly. The start of measurement does not coincide with the
start of distribution onto the field. Hence, these data sets need to be cropped to the
start of field measurement. Since the temperature of high mountain environments
mostly differ significantly from room temperatures, the data sets can be cropped
easily to the actual measurement period without having information about the tim-
ing of the field work.

The data was further processed by categorising the years into hydrological years.
All data were analysed in the period of hydrological years, which last from the 1st
of October until 30th of September. The benefit of this is that it correlates with
the timing of the data retrieval. By cutting each measurement period into calendar
years, a direct connection between autumn and the subsequent winter and spring
does not exist anymore. Especially, the conditions in autumn are very important
for analysis due to the dependencies of snow on GST. By analysing the data in
hydrological years, the cause (sensitive phase in autumn) and its effect (response of
sensitive phase in winter and spring) remain within the same data set.
To prevent including hydrological years with only few measurement observations,
the data set is cropped to the hydrological years 2001/02 to 2022/23. Likewise, the
data points in the hydrological year 2008/09 were removed due to almost no data.

Because of the variation of the measurement interval (between 1 to 5 hours),
the raw GST is aggregated to daily mean Ground Surface Temperature (GSTday)
values. All analysis and further calculations base on GSTday.

By reviewing the measurement accuracy of the data loggers, several logger with
temperature drifts were detected. The temperature drift was retrieved by a visual
control of GSTday over the entire period for each logger during the ZC phase in
spring, where it is best developed. The drift occurred only at UTL-1 loggers and
they were between −0.31 and +0.8◦C. The temperature drift seemed to be stable
during one measurement period, thus the GSTday was adjusted according to the
recognised drift by adding or subtracting the value of the drift. For a detailed doc-
umentation of temperature drift see appendix A.6.

There was no gap filling routine implemented since the data gaps are small. For
at least 319 days per year (87%), data is available, depending on hydrological year
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and rockglacier. The count of measurement days and the number of observations
for each hydrological year are documented in appendix A.2 and A.3.

3.4 Data Processing

For multi-decennial and inter-annual analysis, the corrected GSTday data was used
for further analysis.

3.4.1 Thermal Insulation of Snow

Analysing the thermal insulation of snow can give an explanation about the con-
secutive ZC periods. Being able to classify snow properties into levels of thermal
insulation, the period when the ground is covered with snow can be distinguished
into sections with no, low or high thermal insulation. However, the used index is
not suitable to detect short term snow events like they can occur during summer
and autumn (Staub & Delaloye 2017). Nonetheless, for long-term snow events, as it
is typical for high mountain environments during autumn, winter and spring, they
are useful and suitable to detect the first day with snow in each hydrological year
(SOD), the HTIstart and the duration of snow cover (Staub & Delaloye 2017).
Staub and Delaloye (2017) proposed three different snow indices to calculate ther-
mal insulation effects of snow. In this study, only one of those three snow indices is
used where the input for the snow index is GSTday, the formula for it can be seen in
equation 3.1. To be able to detect periods with snow, thresholds are needed. The
first threshold (th1) is derived from the 95th percentile of GSTweek during January
to March. This time period was chosen by Staub and Delaloye (2017) because dur-
ing these months in the Swiss Alps, an insulating snow cover is most likely. The
second threshold (th2) is defined as the 95th percentile of ∆GSTweek. Both thresh-
olds can differ between periods of higher and lower thermal insulation. Values above
the thresholds occur most likely if a thermally insulating snow cover does not exist.
The term GSTSDweek is used as a variability term. ∆GSTweek describes the trend of
GST over one week. The output values range between 0 and 1, whereas 0 depicts no
thermal insulation and 1 maximum thermal insulation. The first date with a snow
index > 0 in each hydrological year defines the SOD. The HTIstart is initiated by
the first value of the snow index which is larger than 0.5 and lasts at least for two
weeks. The great benefit of this is that it correlates with the start of a snow depth
of around 0.8 m.
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snowindex[0, ..., 1] =

(
−GSTSDweek

th1
+ 1

)
+
(

−∆GSTweek

th2
+ 1

)
2

∧GSTday ≤ 0.5 (3.1)

3.4.2 Zero Curtain Period

To detect the ZC periods, the approach proposed by Staub and Delaloye (2017)
was used and can be seen in equation 3.2. The calculation of the ZC are based
upon GSTday. From the daily means, weekly Standard Deviations (SDs) are cal-
culated in running windows of 7 days aligned at the beginning (GSTSDweek_prior)
and end (GSTSDweek_after) of the period. Due to the thermal resolution of ±0.25◦C
of UTL−1, a temperature threshold (thzc) with the size of ±0.25◦C is included to
account for the temperature variation due to the thermal resolution of the mea-
surement devices. During ZC periods, the temperature variation remain constant
around 0◦C due to phase change of ice. The first part of the equation reviews the
size of GST if it is within the range of 0 ± 0.25◦C. The second and third part con-
siders the size of the weekly SD at the beginning and end of the period. During
ZC periods, the SD should not be greater than the half of the thermal resolution
threshold. Hence, if a ZC phase is prevailing, the equation 3.2 prints 1, depicting
the presence of a ZC period. Otherwise, zero describes that there is no ZC period
due to GST values above 0.25◦C or below −0.25◦C or large weekly SD.

ZC =

1 if |GSTday| ≤ thzc ∧
(
GSTSDweek_prior ≤ thzc

2
∨GSTSDweek_after ≤ thzc

2

)
0 if |GSTday| > thzc ∨GSTSDweek_prior >

thzc

2
∨GSTSDweek_after >

thzc

2

(3.2)

3.4.3 Mean Annual Ground Surface Temperature

The MAGST describes the mean value of all GSTday for each hydrological year. Since
every hydrological year have data for at least 87% of all days of the year (if calculated
for each rockglacier), the MAGST was calculated for every year. PERMOS (2023)
used the data for further analysis if the data have at least 85% after gap filling. On
a regional scale, most hydrological years have measurements on 365 or 366 days per
year (17 out of 22 years). Less measurements with 326 (89%), 333 (91%), 336 (92%)
or 363 (99%) days occurred in the hydrological years of 2001/02, 2007/08, 2009/10
and 2015/16 respectively. Hence, no gap filling was implemented since sufficient
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data is available. Only few measurement days are recorded in 2008/09, thus no
MAGST was calculated.

3.4.4 Detection of BTS Period

As seen in 2.5.8, the BTS period is restricted to sites and time periods with low
GST fluctuations. The BTS period is described when the fluctuations of GST are
minimal (Nyenhuis 2005). Hence, the BTS period is defined if the GSTday fluctu-
ations from February to April does not exceed ±0.5◦C for at least two consecutive
weeks. Following the concept from Nyenhuis (2005), the mean of the GST during
the defined BTS period represents the BTS for each year. The aggregation level on
regional, rockglacier or logger depends on the scale of interpretation.

3.4.5 Ground Freezing and Thawing Indices

The Ground Freezing Index (GFI) is calculated by summing up all negative GSTday

for each hydrological year, then divided by the count of measurement days and the
count of logger per hydrological year. The Ground Thawing Index (GTI) describes
the sum of all positive GSTday values per hydrological year divided by the number
of measurement days and loggers per hydrological year. The second and third cal-
culation steps enable a comparison between the different years, as various numbers
of loggers are used.
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4. Study Site
4.1 Turtmanntal and Hungerlitelli

The study site is located in the southern part of the Swiss Alps in the Canton of
Valais (Figure 4.1). The analysed rockglaciers are situated in the Hungerlitelli, one
of many hanging valleys in the Turtmanntal. The direction of the Turtmanntal
is from north to south. The southernmost geological boundary is marked by the
Bishorn (4151 m a.s.l.), the northernmost part of the valley ends at Turtmann in
the Rhonetal. This geological boundary creates a catchment area of the river Turt-
männa. The lower boundary is where the Turtmänna flows into the river Rhône in
the community of Turtmann. It covers an area of 112.6 km2. The mean altitude of
the catchment area Turtmanntal is 2443 m a.s.l., the highest peak is 4447 m a.s.l.
and the minimum height is 616 m a.s.l. (HADES 2023). Only 20% of the catchment
area lies at lower altitudes than 2000 m a.s.l. (HADES 2023). The top of the val-
ley is covered with two glaciers, the Brunegggletscher and the Turtmanngletscher.
They contribute to 12% of the entire surface coverage of the valley. Rock surface
is represented by 39% and is the main surface coverage of the valley. Other impor-
tant surface coverages are coniferous forest (18%), grass- and herbaceous vegetation
(13%) and unconsolidated rock (12%) (HADES 2023).
The catchment area of the Turtmanntal can be subdivided into a smaller catchment
area, called Turtmänna-Gruben with a size of 56.3 km2 and a mean altitude of 2786
m a.s.l. (HADES 2023). The lowest boundary of this catchment area is defined by
the discharge of the stream Grüobbach into the Turtmänna. This estuary is located
at Gruben. The Grüobbach is located in the valley located adjacent north of the
Hungerlitelli. The upper boundary of this catchment area is the same as the one
from the catchment area Turtmanntal. The advantage of this subdivision is that the
calculated and aggregated data provided by the Hydrological Atlas of Switzerland
(HADES) more precisely represent the in-situ conditions in the Hungerlitelli. The
Hungerlitelli is located at the east side of the Turtmanntal, limited by the Giighoru
(2749 m a.s.l.), Furggwanghorn (3162 m a.s.l.), Rothorn (3278 m a.s.l.), Hungerli-
horli (3008 m a.s.l.) and Brändjispitz (2852 m a.s.l.). Due to the cirque similar
shape, the Hungerlitelli has all orientations except for east oriented slopes.

35



4.1. Turtmanntal and Hungerlitelli

Figure 4.1: (a) Location of the Turtmanntal in the Swiss Alps, Switzerland. The
blue pin marks the location of the Hungerlitelli. (b) Enlarged view of the Valais, the
blue pin marks the location of the Hungerlitelli. (c) Closeup view of the Turtman-
ntal. The dark green boundary marks the catchment area of the river Turtmänna
and is labelled as the catchment area Turtmanntal. The light green boundary il-
lustrates the catchment area Turtmänna-Gruben. The blue box shows where the
Hungerlitelli is located in the Turtmanntal. Map: swisstopo (2023), catchment
boundary: HADES (2023).

Rockglacier Huhh1 (Figure 4.2, left) extends from below the very small Hungerli-
gletscher (at the east side of Hungerlihorli) at around an altitude of 2800 m a.s.l.
down to around 2600 m a.s.l. (Figure 4.3). The surface property persists of a
majority of coarse-grained material and large boulders. The boulders are generally
unconsolidated but more stable than the boulders on Huhh3. At the tongue, between
2650 and 2670 m a.s.l., the prevailing grain-size is fine-grained (ruggedness ≤ 0.5 m).
Further fine-grained material is found at the orographical right side between 2650 to
2700 m a.s.l. and at the orographical side of the root zone (between 2770 and 2800
m a.s.l.) (Figure 5.8 or 5.9). Furthermore, some small patches on the rockglacier
consists of fine-grained material. The remaining surface has a ruggedness between
0.5 and 2 m.
Rockglacier Huhh3 (Figure 4.2, right) is located at the west side of the Hungerlihorli
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Figure 4.2: Left: Rockglacier Huhh1. Right: Rockglacier Huhh3. The photos were
taken in early October 2023 during data retrieval.

and extends from around 2650 m a.s.l. to 2500 m a.s.l. (Figure 4.3). The surface
property of Huhh3 consists of fine-grained material to large boulders as well. The
lowest extension of the rockglacier forms a distinct and steep front. Many boulders
are pushed over the edge which creates an unstable front with loose material. The
plateau above the lowermost front as well as the middle part of the rockglacier consist
of fine-grained material (ruggedness ≤ 0.5 m). The other areas have a ruggedness
between 0.5 and 2.5 m. The lowermost front and four distinct lobes, just above
the flat tongue with fine-grained substrate, have the highest measured ruggedness
(ruggedness up to 2.5 m, Figure 5.8 or 5.9). The material on all distinct steep fronts
is unstable. Flatter parts are better consolidated and mainly consist of coarse-
grained substrate. Above the distinct fronts, the surface is more uniformly, with
some steeper and less steep slopes. The root zone is formed below a plateau with
fine-grained material. The movement of the rockglacier was visible by the tipping
of the boulders and due to the rollover of smaller rocks by larger ones.
In addition to Huhh1 and Huhh3, data of an inactive rockglacier, called Huhh2, is
gathered as well (Figure 4.3). It is located northwest of Huhh1 on the valley floor of
the Hungerlitelli between 2620 and 2570 m a.s.l. Due to the minimal inclination, this
rockglacier does not show movement anymore. However, it still contains ice which
is visible by the frost heave. The main prevailing ruggedness is ≤ 0.5 m (Figure
5.8 or 5.9). Only up to four different measurement locations are available at Huhh2
(depending on year), thus the data of it serves primarily for comparison.

During the first decade of data retrieval, further GST measurements were gath-
ered at a nearby moraine (Figure 4.3). Thus, the hydrological years 2003, 2004,
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Figure 4.3: Top: Map of the Hungerlitelli, the names of the loggers are labelled.
The letter "b" describes the geomorphology for rockglacier, the letter "m" stands for
moraine. Bottom: Aerial image of the Hungerlitelli. The activity of the rockglacier
is indicated as well as the location of the GST measurements. The active rockglaciers
are situated on the east (Huhh1) and west (Huhh3) side of the Hungerlihorli. Huhh2
is located north of the tongue of Huhh1. Map: swisstopo (2023), aerial image:
swisstopo (2020).

2005 and 2008 have, in addition to the rockglaciers, data about the GST of a non-
permafrost feature. The moraine is located at the east side of Huhh1. The measure-
ment sites were distributed from 2670 to 2850 m a.s.l. The grain size is primarily
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fine-grained substrate (Nyenhuis 2005) with a ruggedness of ≤ 0.5 m. Nonetheless,
some temperature loggers lay at sites with a ruggedness up to 1.5 m (Figure 5.8).

4.2 Climate

4.2.1 Climatic Conditions Turtmanntal

The Turtmanntal is a side valley from the Rhonetal and lies in the Canton of
Valais. The Rhonetal marks an outstanding dry valley in Switzerland since it is
well shielded from moist air masses to the north and south. It represents a typical
inner-alpine valley in Switzerland (MeteoSchweiz 2024). By analysing the MAP for
all of Switzerland, the Valais lies in one of the driest region in Switzerland (Frei,
Isotta, & Schwanbeck 2018; HADES 2023). Hence, this region is marked by an arid
climate (Roer 2005).

HADES (2023) provides temperature and precipitation data interpolated over
the entirety of Switzerland. The used maps from HADES are Mean Air Tempera-
tures 1991 - 2020 and Mean Precipitation 1981 - 2010.
Mean values of the near-ground air temperatures are supplied for the reference period
1991 - 2020 from Meteo Schweiz (MeteoSchweiz 2024). The maps were calculated by
means of spatial analysis of temperature normals at climate stations. The used data
series were from 88 stations. By spatial interpolation of the station-based tempera-
ture normals, the distribution of the annual, seasonal and monthly temperatures can
be plotted on a 1 km grid. Due to the actuality that the count of measurement sta-
tions are restricted and mathematical interpolations have their limits, several local
effects are not recorded and uncertainties of spatial analysis occur. An interpolation
error in the winter months in the Alps has a size of 1.6◦C, in the summer months
0.8◦C (Frei 2022).
Mean precipitation values for the reference period 1981 − 2010 are based on the grid
data set of Meteo Schweiz (MeteoSchweiz 2024). The data set is a spatial analysis
of precipitation normals, derived form measurements at 418 stations and covers the
territory of Switzerland with a spatial resolution of 1.6 km x 2.3 km. Neighbouring
measurement stations have a typical distance of 10 to 20 km. Among the stations, a
spatial interpolation was applied which results in a relative standard error of ±25 −
30% for the Alps. The highest interpolation errors occurred in inner-alpine valleys
like the Valais as well as in high altitudes. Additionally, systematic measurement
errors contribute to the accuracy of the data. Generally, the measured values un-
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derestimate the actual precipitation amounts (Frei, Isotta, & Schwanbeck 2018).

Aggregated mean air temperatures (1991 − 2020) and aggregated mean precip-
itation heights (1981 − 2010) are available for the catchment area Turtmanntal and
Turtmänna-Gruben (Figure 4.4). The MAAT for the catchment area Turtmanntal
is 0.1◦C, the annual precipitation sum is 990 mm. January, February and March
as well as November and December have mean air temperatures lower than −3 ◦C,
thus assuming precipitation is falling as snow (HADES 2023).
In terms of content, the climate graph is created according to Heinrich Walter (Wal-
ter 1955). The ratio of the temperature and precipitation scale at which 10◦C is
made to correspond to 20 mm precipitation (Gaussen 1954) correlates with the
temperature dependent evaporation (Hurni et al. 2023).

Figure 4.4: Climate graph for the catchment areas Turtmänna-Gruben (light col-
ors) and Turtmanntal (dark colors). Precipitation, indicated with blue bars, rep-
resent mean values from 1981 − 2010. Air temperature, illustrated with red lines,
represent mean values from 1991 − 2020. Data: HADES (2023) and MeteoSchweiz
(2024).

The Turtmanntal is colder in comparison to the surrounding valleys like the Val
d’Annivers west of Turtmanntal and the Mattertal in the east. This condition origi-
nates from the fact that the Turtmanntal is a valley at high altitudes. Additionally,
the air temperature is influenced by the two glaciers at the valley head due to their
high albedo and the ability for evaporative cooling.
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4.2.2 Climatic Conditions Turtmänna-Gruben

By using the data provided by HADES (2023), the following information was gained.
The catchment area Turtmänna-Gruben has a MAAT of −1.9◦C (reference period
1991 − 2020). The highest mean monthly air temperatures is represented in August
(6.4◦C), the lowest in January with −8.5◦C (Figure 4.4). January, February, March,
April as well as November and December have mean air temperatures lower than
−3◦C. In total, seven months have a mean air temperatures below 0◦C. Positive
mean air temperatures were in May to September. The annual precipitation sum is
1030 mm. The largest amount of precipitation falls from May to September with
values > 100 mm. February represents the month with the least mean monthly
precipitation (65 mm), May with most precipitation (133 mm).

4.2.3 Climatic Conditions Hungerlitelli

The Hungerlitelli is only minimally influenced by a glacier. The small glacier, called
Hungerligletscher, is still present but its extent is very small. Nevertheless, different
temperature gradients are visible (Figure 4.5 (a)). At the slope eastward of the
Hungerlihorli, where the rockglacier Huhh1 and the Hungerligletscher are situated,
the gradient of MAAT in the period 1991 − 2020 reaches lower temperatures at
lower altitudes in comparison to the westward slope. The −1◦C isotherm follows a
north-east to south-west direction and lies around 2550 m a.s.l. The −2◦C isotherm
is around 2750 m a.s.l. At the west side of the Hungerlihorli, at the side of Huhh3,
the −1◦C isotherm is at altitudes of about 2650 m a.s.l. and the −2◦C isotherm
is at 3000 m a.s.l. (HADES 2023). Hence, Huhh1 lies in the temperature regime
between −2 and −3◦C, whereas Huhh3 has a MAAT between −1 and −2◦C. Huhh2
lies primarily in the area with a MAAT of −2◦C.
The MAP has less variation in the Hungerlitelli (Figure 4.5 (b)). Almost the entire
study site has a MAP of 900 mm (reference period 1981 − 2010). Only the root
zone of Huhh1 and the uppermost part of the moraine have a MAP of 1000 mm.
Due to the condition that these values (air temperature and precipitation) are only
aggregated values and do not stem from close meteorological stations, the precise
boundaries should be interpreted with caution.
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Figure 4.5: Spatial distribution of (a) MAAT and (b) MAP in the Hungerlitelli.
The reference period for the MAAT is 1991 − 2020, for the MAP 1981 − 2010.
Data: HADES (2023), map: swisstopo (2023).
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5. Results
5.1 Daily Mean Ground Surface Temperature

To illustrate different trends during a hydrological year, the time series for logger
b222 is plotted in Figure 5.1. This time series is the longest one from rockglacier
Huhh3 and the second longest overall. In the subsequent section, trends, anomalies
and dependencies are described on the example of logger b222. Further loggers on
rockglacier Huhh3, and also on Huhh1 and Huhh2, have these patterns.

Figure 5.1: Time series for logger b222 of rockglacier Huhh3 from hydrological
year 2004 to 2023. The GSTday (black line), snow index (blue line), ZC (blue bars),
SOD (orange dots) and the HTIstart (red dots) are plotted against time.

Looking at hydrological year 2004 (01.10.2003 − 30.09.2004), the influence of
early snow is visible. Since the HTIstart is early (05.11.2003), the GST did not have
the opportunity to cool down for long. Hence, the GST is insulated at a rather
high temperature between −3 and −5◦C. From the HTIstart to just before the ZC,
the GST remains constant with only small fluctuations. This resulted from the
insulating snow cover for almost the entire winter period. The snow index varies
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between 0.5 and 1, indicating a snow cover of a size larger than 0.8 m. In May,
the GST increased to 0◦C due to a short ZC. Afterwards, the GST decreased again
for a short time before the distinct ZC started. During the ZC, the GST remains
constant at 0◦C due to snow melt (Outcalt, Nelson, & Hinkel 1990). By mid-June,
the snow cover is gone and the GST is directly linked to the atmosphere. Large
variations of the air temperature are reflected by the GST.
The hydrological year 2005 had a ZC in autumn. Just before the autumn ZC, the
SOD and HTIstart took place. Altough the ZC prevents the ground surface to cool
down, the GST decreased slightly after the ZC. In this case, the autumn ZC caused
that the GST could not adopt to low temperature values in combination with an
early snow fall shortly afterwards.
The absence of ZC implies an anomaly. In spring 2015, there was no ZC. The snow
index varied strongly and was twice almost at zero. In addition, the HTIstart was
late (in the beginning of February) in comparison to other years. The combination
of these factors resulted in the absence of a ZC due to the presence of only little
snow.

Figure 5.2: Hydrological year 2011 for logger b210 on rockglacier Huhh3. The
GSTday (black line), snow index (blue line), ZC (blue bars), SOD (orange dot) and
the HTIstart (red dot) are plotted against time. No ZC and HTIstart were reported
in this hydrological year at the location of b210.

To see the influence of snow on GST, the winter in the hydrological year 2008
is analysed in detail. From the HTIstart to February, the snow index indicates an
insulating snow cover with a constant GST between −3 and −5◦C. In early February,
the snow index decreased towards zero. The GST decreased as well, highlighting a
direct coupling with the air temperature during winter. As soon as the snow cover
was again thick enough with a snow index > 0.5, the GST was again insulated and
not influenced by the air temperature fluctuations.
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There were some years which did not have a HTIstart. Figure 5.2 shows logger b210
of rockglacier Huhh3 for the hydrological year 2011. In this hydrological year, no
HTIstart took place. In November 2010, the SOD marks the timing of the first snow
fall. Since the snow index did not rise, the first snow fall was only a thin layer
of snow. During the entire winter, only short snow events were detected. No ZC
validate the absence of snow during winter. The GST varied between −17◦C and
−2◦C which is a hint that the ground surface was directly coupled with the air
temperature even in winter.

5.1.1 Time gap between Snow Onset Date and start of High

Thermal Insulation

The time between the SOD and the HTIstart differ strongly between the loggers.
The influence of a long time gap can be seen in the hydrological year 2021 with
logger b222 (Figure 5.1). The SOD was at the beginning of October. From then on,
the snow index depicts values between 0 and 0.5 thus too less snow for an insulating
snow cover. Hence, the ground is still coupled with the air temperature, resulting in
decreasing GST. In February, the snow amount increased, resulting in the HTIstart.
Up to then, the GST cooled down to −7◦C. Afterwards, the GST increased up to
the start of ZC.

Figure 5.3 (a) shows the mean SOD and mean HTIstart summarised for the entire
study site plotted for each hydrological year. Since the timing of an insulating
snow cover is of great importance for the BTS, the mean BTS is plotted for direct
comparison (Figure 5.3 (b)). Particular early SOD occurred in 2004 (17.10.), 2006
(05.10.), 2019 (16.10.) 2021 and 2023 (both 14.10.). Extraordinary early HTIstart

were in 2006 (21.10), 2014 (09.11.) and 2019 (01.11.). Remarkable late HTIstart took
place in 2002 (30.12.), 2015 (25.12.), 2017 (02.01.) and 2022 (28.12.). The longest
time gap between the SOD and the HTIstart was in 2021 with 68 days, closely followed
by 2023 (66 days) and 2022 (64 days). The shortest period occurred in 2006, 2014
and in 2019 with 15 days. A complete table describing the SOD, HTIstart and the
duration of the period between the SOD and the HTIstart for each hydrological year
is reported in the appendix A.10.
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Figure 5.3: (a) Mean SOD (orange dots), mean HTIstart (red dots). (b) Mean
BTS for each hydrological year. The particular mean is calculated considering all
loggers on Huhh1, Huhh2 and Huhh3. The dashed line represents the linear trend
for the BTS dependent on time with a slope of +0.014◦C/year. Hydrological year
2009 does not have any data.

5.2 Monthly Mean Ground Surface Temperature

Analysing the GST data, categorised in months, helps to understand the dependen-
cies of GST on seasonality (Figure 5.4). The GST from November to April vary
only slightly between months and rockglaciers. Outliers are mostly found towards
lower temperature values. In May, the data spread is minimal. 50% of the data
lie almost at 0◦C, indicating a low temperature spread. In June, rockglacier Huhh2
has still a minimal data spread, meanwhile, Huhh1 and Huhh3 have a data spread
of about 7◦C. Many outliers occur in May and June. From July to September, the
data spread remains large in comparison to winter. In October, the data spread has
still a greater range than in winter, rather like in summer.
The active rockglaciers have a similar pattern during a year. From November to
March, the median of Huhh1 is slightly higher than for Huhh3. From April to Oc-
tober besides May, the median of Huhh1 is lower than for Huhh3. In May, both
rockglaciers have a median at 0◦C. The inactive rockglacier Huhh2 has almost al-
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Figure 5.4: Summarised GSTday for rockglacier Huhh1, Huhh2 and Huhh3 de-
pending on month. All data for each month and the entire period (2002 − 2023)
is represented within one box. The horizontal thick line in the box represents the
median, the lower and upper end of the box the 1st and 3rd quartile, respectively.
Vertical lines show the range of maximum 1.5 times the interquartile range. Dots are
outliers which have values larger than 1.5 times the interquartile range. The red line
represents the mean monthly air temperature from the catchment area Turtmänna-
Gruben (1991 − 2020). Air temperature data: HADES (2023).

ways a lower median of the mean monthly GST than the active rockglaciers. Only
in September, October and April, rockglacier Huhh1 has a slightly lower median of
the GST. During the phase of melt, from March to June (besides April), the GST
is almost the same among all rockglaciers.

5.3 Mean Annual Ground Surface Temperature

Summarising the GST annually, the MAGST, aggregated for the two active rock-
glaciers Huhh1 and Huhh3, is plotted for each hydrological year in Figure 5.5. The
MAGST average for the rockglacier Huhh1 and Huhh3 aggregated is −0.23 ± 0.97◦C.
The hydrological year 2015 had the highest MAGST with 1.15◦C, 2002 the minimum
MAGST with −2.74◦C.
By analysing the MAGST for the active rockglaciers over the entire period, a rising
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Figure 5.5: Summarised MAGST for Huhh1 and Huhh3 for each hydrological year
from 2002 to 2023. The dashed line indicates the linear trend for the time series since
2002. The multiple R-squared is 0.27 and the slope +0.076◦C/year. Hydrological
year 2009 does not have any data.

trend is clearly visible (+0.076◦C/year, Figure 5.5). The first decade, from 2002
to 2012, has typically MAGST below the long-term average thus mainly negative
values. The second half of the study period has mostly MAGST above 0◦C. The
tipping point is between year 2013 and 2014.
Including the inactive rockglacier Huhh2, the average MAGST constitutes −0.27 ±
0.96◦C. The quantity of the individual years differ only minimal. In the period of
2006 to 2008, the greatest differences are detected. Hydrological year 2006 has a
MAGST of 0.5◦C, 2007 −0.1◦C and 2008 −0.5◦C. The other years do not show any
great differences. The multiple R-squared is 0.25 and the slope +0.072◦C/year.

Rockglacier Huhh1 has its maximum MAGST in hydrological year 2020 with
0.78◦C, the lowest value in 2002 with −2.57◦C (Figure 5.6). The MAGST average
(2002 − 2023) is −0.32 ± 0.86◦C. In Table 5.1, the MAGST averages are calculated
for three decades. The long-term trend has a slope of +0.067◦C/year.
Rockglacier Huhh3 has its maximum MAGST in 2015 with 1.44◦C, its lowest value
in 2002 with −3.10◦C (Figure 5.6). Both maxima and minima of Huhh3 represent
the largest and smallest temperature if analysed on rockglacier level. The MAGST
average 2002 − 2023 is +0.28 ± 1.11◦C. Not only the MAGST average is higher for
Huhh3 in comparison to Huhh1, but also almost every hydrological year has higher
MAGST despite 2002, 2010 and 2021. In 2018, Huhh1 and Huhh3 have the same
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Figure 5.6: MAGST for each rockglacier and each hydrological year from 2002
to 2023. If only one or two bars are printed per hydrological year, no data for the
missing rockglacier is available. Hydrological year 2009 does not have any data.

MAGST. Also, the long-term trend for Huhh3 is slightly larger than for Huhh1 with
a size of +0.088◦C/year.
The inactive rockglacier Huhh2 has its maximum MAGST in 2003 with 0.19◦C
and the minimum MAGST in 2004 with −2.36◦C (Figure 5.6). The long-term
average (2002 − 2023) is −1.08 ± 0.91◦C. Huhh2 has in each hydrological year the
lowest MAGST besides 2012. This is also reflected by the lowest MAGST average
comparing to Huhh1 and Huhh3 (Table 5.1). Huhh2 does not have an increasing
trend, the slope has a value of −0.0046◦C/year.

Table 5.1: MAGST average for three decades and the long-term average depending
on rockglacier and the long-term MAAT average for the catchment area Turtmänna-
Gruben. Air temperature data: Frei (2022) and HADES (2023).

Huhh1 Huhh3 Huhh2 Turtmänna-Gruben
2002 − 2011
MAGST (◦C) −0.65 ± 0.94 −0.65 ± 1.27 −1.28 ± 0.93
2006 − 2015
MAGST (◦C) −0.35 ± 0.58 +0.20 ± 0.85 −0.94 ± 0.83
2014 − 2023
MAGST (◦C) +0.13 ± 0.60 +0.54 ± 0.70 −1.07 ± 0.89
2002 − 2023
MAGST (◦C) −0.32 ± 0.86 +0.28 ± 1.11 −1.08 ± 0.91
1991 − 2020
MAAT (◦C) −1.9 ± 1.6
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Figure 5.7: Deviation of the MAGST for the period 2002−2011 (a), 2006−2015
(b) and 2014−2023 (c). Data of rockglacier Huhh1 and Huhh3 are summarised,
Huhh2 is not represented. The dashed line indicates the linear trend for the time
series since 2002. The multiple R-squared is 0.27 and the slope +0.076◦C/year.
Hydrological year 2009 does not have any data.
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5.3.1 Deviation of the Mean Annual Ground Surface Tem-

perature

The deviation of the MAGSTs for rockglacier Huhh1 and Huhh3 for three decades
are visible in Figure 5.7. Rockglacier Huhh2 is excluded from this analysis since it
is an inactive rockglaicer and its MAGST differs from the active rockglaciers.
The deviation is calculated based on the MAGST average for each period. The first
decade (2001 − 2011, Figure 5.7 (a)) has a MAGST average of −0.75 ± 1.03◦C. Only
the hydrological years 2002, 2004, 2010, 2013 and 2017 have a negative deviation of
the MAGST average 2002 − 2011.
The intermediate decade 2006 − 2015 has a MAGST average of −0.25 ± 0.77◦C
(Figure 5.7 (b)). Eight hydrological years have a negative deviation of the MAGST
average 2006 − 2015, 13 hydrological years have a positive deviation.
The last decade, from 2014 − 2023, has a MAGST average of 0.17 ± 0.66◦C (Figure
5.7 (c)). The count of hydrological years which have a positive or negative anomaly
is 11 and 10, respectively. Five years which have a positive deviation are below
0.2◦C, thus only slightly positive.

5.3.2 Spatial Distribution of the Mean Annual Ground Sur-

face Temperature

The distribution of the MAGST average for the first and second decade is illus-
trated in Figure 5.8. In the first decade (2002 − 2011), the MAGST average on the
rockglaciers are almost always lower than on the moraine. The MAGST average
on rockglacier Huhh1 and Huhh3 has a data spread between −4.4◦C to +1.6◦C.
The loggers on the orographical right side of Huhh1 have higher values than on the
orographical left side and at the tongue. On Huhh3, higher MAGST average values
are at higher altitudes (e.g. b213, b220, b222), whereas lower values are found at
lower altitudes (e.g. b217, b219). Rockglacier Huhh2 has a data spread between
−2.9◦C and 0◦C. The moraine has MAGST averages between −1.4◦C and +3.1◦C.
In the second decade (2014 − 2023), the MAGST average only varies between −1.4
and +1.6◦C. On Huhh1, the highest MAGST average was measured at the tongue
(b102 and b105) and at the orographical right side (b103). Higher MAGST average
at Huhh3 are at higher altitudes (e.g. b220, b222), whereas the lowest values are
found at the tongue (b217, b218) and in the centre (b213) of the rockglacier. Both
loggers on rockglacier Huhh2 have increased MAGST average in comparison to the
first decade.
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Figure 5.8: MAGST average for the first (2002 − 2011) and second (2014 − 2023)
decade. In the second decade, no measurements were taken at the moraine. The
background map for the second decade describes the ruggedness of the surface, the
higher the ruggedness, the larger the prevailing grain size. Aerial image: swisstopo
(2020). Data used for ruggedness map: swissALTI3D from swisstopo (2017).

5.4 Bottom Temperature of the Winter Snow Cover

The BTS is calculated as a regional mean (Figure 5.3 (b)) and for the first and
second decade (Figure 5.9).
The regional mean of the BTS only shows a minimal increasing trend of about
+0.29◦C (value of slope is +0.014◦C/year) over the entire study period (Figure 5.3
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(b)). However, the BTS is fluctuating from year to year. The highest BTS is mea-
sured in 2006 with −1.32◦C, the lowest in 2002 with −5.74◦C.

In the period of 2002 to 2011, almost all loggers on every rockglacier have a BTS
< −3◦C (Figure 5.9). Exceptions on Huhh1 are loggers located at the east side and
upper part (b103, b113, b116, b128, b148 and b151). Their BTS is > −2◦C. On the
east side of Huhh2, logger b008 has a BTS of −2 to −3◦C. Rockglacier Huhh3 has
only one BTS (logger b222) which is between −2 and −3◦C. The remaining loggers
all have a BTS < −3◦C. All measurement locations on the moraine besides logger
m211 have a BTS > −2◦C.
Looking at the second decade, Huhh1 has three loggers (b102, b125 and b1Wu)
which have an increased BTS of −2 to −3◦C. Logger b103 has still a BTS of > −2◦C.
Logger b045 on Huhh2 has an increased BTS as well. On Huhh3, three loggers (b211,
b214 and b220) differ from the first decade by increasing the BTS to the range of
−2 to −3◦C. No measurement sites at all rockglaciers have BTS which changed to
no permafrost which were in the first decade categorised as permafrost. A detailed
table of the BTS for each logger and hydrological year is attached in the appendix
A.7, A.8 and A.9.
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Figure 5.9: The mean BTS for the first decade (2002 − 2011) and for the second
decade (2014 − 2023). In the second decade, no measurements were taken at the
moraine. The temperature thresholds were chosen according to Hoelzle (1996) to
distinguish into the three different states for the probability of permafrost occur-
rence. The background map for the second decade describes the ruggedness of the
surface, the higher the ruggedness, the larger the prevailing grain size. Aerial im-
age: swisstopo (2020). Data used for ruggedness map: swissALTI3D from swisstopo
(2017).
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5.5 Ground Freezing and Thawing Index

The GTI and GFI are calculated for each hydrological year at a regional aggregation
level (Figure 5.10). The GTI indicates an increasing trend from 2002 to 2023. It is
increasing with a slope of +0.076◦C*day*logger/year. In contrast to the GFI, the
individual years do not show a distinct pattern with increasing GTI values. The
GTI is rather fluctuating with time but showing little evidence towards increas-
ing values. The hydrological years from the second decade more often have larger
GTI values than the first decade. The highest value of the GTI occurred in 2022
(3.2◦C*day*logger), the lowest value in 2013 (0.2◦C*day*logger).

Figure 5.10: GTI (red bars) and GFI (blue bars) summarised for Huhh1 and
Huhh3 from 2002 to 2023. Hydrological year 2009 does not have any data.

The GFI shows a decreasing trend over the study period. The GFI is decreas-
ing with a slope of −0.076◦C*day*logger/year. From the hydrological year 2002
to 2016, the GFI seems to be stable around −0.2 to −1.2◦C*day*logger. Since
2017, the size of GFI is between −1.4 and −2.6◦C*day*logger. The hydrological
year 2006 represent the year with the value closest to zero with −0.1◦C*day*logger.
The lowest GFI occurred in 2022 (−2.6◦C*day*logger), closely followed by 2021
(−2.5◦C*day*logger) and 2023 (−2◦C*day*logger).

In Figure 5.11, the ground freezing and thawing index is plotted for each rock-
glacier individually. Rockglacier Huhh1 (Figure 5.11 (a)) shows a trend similar to
Huhh1 and Huhh3 being aggregated (Figure 5.10). The main difference represents
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the GTI with mostly slightly smaller values. The greatest deviation is in the hydro-
logical year 2015 in which Huhh1 has a GTI of 2.1◦C*day*logger in comparison to
the summarised index of 2.8◦C*day*logger. The largest GTI is 2.9◦C*day*logger in
2022, the smallest in 2013 with 0.3◦C*day*logger. The lowest GFI occurred in 2022
with a size of −2.5◦C*day*logger, the maximum in 2006 with -0.3◦C*day*logger.
Figure 5.11 (b) shows the GFI and GTI for Huhh2. The GFI illustrates a decreas-
ing trend. The lowest value is in 2022 with −3.5◦C*day*logger, the highest value in
2003 with −0.6◦C*day*logger. The quantity can be categorised into three periods.
From 2002 to 2008, the average GFI has a size of −1◦C*day*logger. From 2010 to
2014, the average GFI is −2◦C*day*logger. The period 2017 to 2023 has an aver-
age GFI of −2.4◦C*day*logger. The GTI fluctuates from year to year in which no
increasing or decreasing trend can be detected. The maximum GTI has a size of
3.6◦C*day*logger in 2006, the minimum 0.5◦C*day*logger in 2008.
Rockglacier Huhh3 has a distinct trend of the GFI and GTI (Figure 5.11 (c)).
The smallest GFI value was in the hydrological year 2021 (−3.8◦C*day*logger), the
largest in 2013 (−0.25◦C*day*logger). The maximum GTI represents the hydrolog-
ical year 2006 (3.4◦C*day*logger) and the minimum in 2013 (0.3 ◦C*day*logger).
The magnitude of the GTI is larger and the GFI is the same in comparison to
Huhh1. Comparing it with Huhh2, the magnitude of the GFI of Huhh3 is slightly
smaller than of Huhh2. The quantity of the GTI for Huhh3 is more frequently at a
value of 2◦C*day*logger than for Huhh2.
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Figure 5.11: GTI (red bars) and GFI (blue bars) for Huhh1 (a), Huhh2 (b) and
Huhh3 (c) from 2002 to 2023. Hydrological year 2009 does not have any data.

57



6. Discussion
6.1 Daily Mean Ground Surface Temperature

6.1.1 Hydrological year 2002

The MAGST of the hydrological year 2002 (01.10.2001 − 30.09.2002) is in compar-
ison to the other hydrological years remarkable low with −2.74◦C (Figure 5.5). It
represents the lowest MAGST in the study period.

Figure 6.1: Departure from the MAAT 1961 − 1990 for Southern Switzerland
(from MeteoSchweiz (2024)).

The departure from the annual air temperature in 2001 is just below the 20-year
weighted mean and in 2002 slightly above (MeteoSchweiz 2024) (Figure 6.1). In
comparison to the study period, the air temperature in the hydrological year 2002
represents a rather cold year, especially by analysing the summer months from April
to September separately. Summer 2002 was the year with the third lowest depar-
ture from the mean 1961 to 1990. Low summer air temperatures cause lower GST
values due to the direct influence of air temperature on GST (Guglielmin, Worland,
& Cannone 2012; Hoelzle 1994). Hence, the GST did not rise as high as in other
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years which resulted in less energy flux at the ground. Less available energy at the
ground causes less distinct active layer thicknesses (Haeberli et al. 2006; PERMOS
2023).

To see more details, an analysis on the basis of GSTday helps to see the cause
and effect. The mean HTIstart was at the 30th of December 2001 (Figure 5.3). Up
to the HTIstart, the GST had the opportunity to cool down which resulted in low
GST values (Biskaborn et al. 2019; Gubler et al. 2011; T. Zhang 2005). The snow
index confirms the absence of snow during autumn and only little snow in Decem-
ber. From the HTIstart, the GST was insulated at low temperatures of around −5
to −10◦C, depending on the location of the logger.

Figure 6.2: GST in the hydrological year 2002 for logger b115 and b116. The black
line is the mean GST for all loggers on Huhh1 and Huhh3 for the hydrological year
2002, the dark grey area is the 68% percentile, the light grey area the 95% percentile.
The dashed line is the multi-decadal mean for 2002 − 2023 with all rockglaciers
aggregated. Between August and mid of September, no data is available for the
hydrological year 2002.

Figure 6.2 describes the mean GST trend in the hydrological year 2002 with
two selected loggers b115 and b116. Logger b115 represents the logger with the
lowest GST course in winter. Logger b115 had its HTIstart at the 5th of January
2002, which is visible by the stabilisation of the GST fluctuations at the beginning
of January. Before, the GST decreased to values of up to −20◦C. A GST of −20◦C
is extraordinary low, it represents the lowest measured GST in the study period. As
visible in Figure 6.2, the mean MAGST for the entire study period from December
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to April is around −5◦C. Thus, the mean GST for the hydrological year 2002 was
far below the long-term average. Many loggers had GSTs between −12 and −20◦C,
which is rather rarely the case in all other hydrological years.
Logger b116 does not follow the general GST trend in the hydrological year 2002.
The HTIstart occurred in early autumn thus the GST was insulated from low au-
tumn and early winter air temperatures (Biskaborn et al. 2019; T. Zhang 2005). The
GST reached its lowest value of −5◦C and remained constant until the ZC phase in
spring. The GST in winter is almost always larger than the 95% percentile (Figure
6.2). Hence, this logger distinguishes from other loggers in the hydrological year
2002 due to low GST fluctuations and no low values down to −12◦C. Gisnås et al.
(2014) and Staub et al. (2017) stated that differing GST can be explained by the
variation in snow height but also the exposition to the sun, the shading from sur-
rounding terrain and ground properties. Nyenhuis (2005) described that logger b116
did not lie on coarse debris but on fine-grained material. The ruggedness analysis
with a high-resolution digital elevation model (Figure 5.8) confirms this statement.
The logger lies on the finest measurable grain size. However, the close surrounding
has a higher ruggedness of up to 1 m.
The remaining loggers on the rockglaciers lie on coarse debris. Thus, this differ-
ence additionally influences the GST, although it lies directly next coarse-grained
substrate. Small-grained material is unfavourable for permafrost (Nyenhuis 2005).
Since fine-grained material can store more water due to the larger capillary forces,
the thermal conductivity is larger compared to coarse debris where the voids are
filled with air or snow (see section 2.5.6). Thus, the ground is not insulated during
snow free periods. An insulating effect can be the case if the prevailing grain size is
coarse due to the insulation of air (see section 2.5.6) and convective heat fluxes (see
section 2.5.1). In addition, the HTIstart occurred early at the location of b116 which
is a reinforcing effect for a higher GST. The BTS for b116 in the hydrological year
2002 was −1.35◦C indicating that there was probably no permafrost according to
the definition of Hoelzle (1996). This assumption can be confirmed with the earlier
data analysis by Roer (2005).

By comparing the hydrological year 2002 with other years, the mean GST had
the lowest course (Figure 6.3). The hydrological years 2006 and 2017 also had low
GST during winter. They had a mean GST down to −10 and −8◦C, respectively.
Since the time period with low GST is not as long and not as low as in 2002, the
hydrological year 2002 had a remarkable low trend of GST in winter. Also, the
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quantity of this course is exceptional, only one logger (b116) out of 12 loggers total
does not follow the mean GST. Such a constant trend is remarkable.
To conclude, low summer air temperatures, little snow in autumn and a late HTIstart

resulted in the lowest measured MAGST.

Figure 6.3: Mean GSTday for the hydrological year 2002 to 2008 (a), 2010 to 2016
(b) and 2017 to 2023 (c).
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6.1.2 Hydrological year 2003

The hydrological year 2003 (01.10.2002 − 30.09.2003) had the warmest summer on
record with 2.6◦C above the mean from 1981 − 2010 (MeteoSchweiz 2024; PERMOS
2023). The meteorological winter was rather cold. In the period of 2001 − 2023,
the winter 2002/03 had the sixth lowest departure compared to the mean of the
climatological reference period 1961 − 1990 (MeteoSchweiz 2024).
The MAGST of the hydrological year 2003 (0.36◦C) was high in comparison to the
decade where it is within (Figure 5.5). Overall, the MAGST belongs to the hydro-
logical year with the seventh highest MAGST.
Rockglacier Huhh1 had a MAGST of 0.26◦C, Huhh3 0.59◦C. Hence, Huhh3 had a
MAGST more than two times larger. By comparing the MAGST of 2003 with the
multi-decadal average 2002 − 2023, it is visible that the MAGST of 2003 is higher
in winter and summer. In summer (July to end of August), the 95% percentile is
almost always above the 2002 − 2023 average. This confirms that the extraordinary
high summer air temperatures increased the GST in this period (Figure 6.4).

Figure 6.4: GST in the hydrological year 2003 for logger b125 and b2Lo. The
black line is the mean GST for all loggers on Huhh1 and Huhh3 for the hydrological
year 2003, the dark grey area is the 68% percentile, the light grey area the 95% per-
centile. The dashed line is the multi-decadal mean for 2002 − 2023, all rockglaciers
aggregated.

The loggers on Huhh1 (n = 12) mostly had an early HTIstart, between the 7th
of November (b102) and 5th of December (b118). Thus, the GST could not adapt
to low temperatures since the time to cool down was limited. Only logger b125 had
its HTIstart on the 1st of January. The loggers b118, b125, b148 and b151 had in
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all measured years high GSTs during winter even though late (around New Year)
HTIstart occurred in other years. Those late timings of an insulating snow cover
resulted only in a minimal reduction of the GST. Thus, these loggers may not be
representative for a validation of the importance of a long time gap between the SOD
and HTIstart and a late HTIstart. Other factors, like the bulk effect or convection,
may play a greater role for them. Although logger b125 had a late HTIstart, the GST
did not decrease to low temperatures due to a ZC phase in December (Figure 6.4).
At the end of December, the HTIstart occurred so that the GST could not decrease.

Four loggers on rockglacier Huhh3 (n = 5) had a HTIstart between the 15th
(b211) and 21st (b214) of November. Logger b2Lo had a rather late HTIstart on the
28th of December. Thus, the winter GST did not decrease to low values besides
b2Lo and b218. Since b2Lo had a late start of insulation, the GST decreased to
−10◦C (Figure 6.4).
Logger b218 had GSTs down to −6◦C despite an early HTIstart (15.11.). The snow
index refers to strongly fluctuating snow amounts in autumn. This resulted in a
ground cooling even with a thin snow cover, resulting in lower GST. Keller (1994)
found that a thin snow cover of around 5 cm results in the largest emission of energy.
This can lead to a strong cooling of the upper ground layers as it is represented by
the GST measurements. In this case, logger b218 constitutes the early autumn snow
effect with only little snow. Since no measurements are available about the snow
thicknesses on this specific location, the statement cannot be validated and only
based on the temperature measurement of the ground surface.
The loggers b210, b211 and b214 all had a constant GST trend between −3 and
−5◦C. The snow index does not have a large variability thus the snow cover had
an insulating effect on the ground. However, b211 had no ZC which is an indicator
for only little snow. Since the GST is not fluctuating during winter, an insulating
layer was existent. The GSTs were constant at 0◦C for a short time period in spring,
indicating a short ZC (< 2 weeks).

The rockglacier Huhh2 (n = 3) had a MAGST of 0.19◦C. Thus, it represents
the lowest MAGST in the hydrological year 2003. The HTIstart was for logger b045
on the 17th of November, for the loggers b042 and b0Sp on the 20th of November.
The SOD was for b042 seven weeks before the HTIstart. The other loggers did not
have such a long period between the start of snow and an insulating snow cover (24
days for logger b045 and only 8 days for logger b0Sp). However, the GST did not
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differ strongly between the loggers, they all had a decreasing GST in autumn with
a stabilisation around −5◦C.

In summary, an extraordinary high summer air temperature caused high summer
GSTs. A rather cold winter could decrease the GST, however, the HTIstart was
early for almost all loggers. Thus, the summer heat could not leave the system
and was insulated in the ground during the winter, resulting in rather high winter
GST. Hence, the hydrological year 2003 had an especially high MAGST for the first
decade.

6.1.3 Hydrological year 2010

The hydrological year 2010 (01.10.2009 − 30.09.2010) was the year within the cal-
endar year 2010 which had the lowest MAAT in my study period. Likewise, the me-
teorological winter 2009/10 was the coldest one with a negative anomaly of −1.3◦C
from the mean 1961 − 1990. Dividing the year into a summer and winter half-year,
the summer half-year (April to September) was the sixth coldest summer in the
period of 2001 to 2023. The winter half-year was the second coldest winter (Me-
teoSchweiz 2024).
By comparing the mean GSTday from the hydrological year 2010 with other years,
the GST was not especially low or high (Figure 6.3). During winter, the mean GST
was at −5◦C. Many other hydrological years, for example 2002, 2005, 2017 or 2021
had lower GSTs in winter. However, the hydrological year 2010 had the fourth low-
est MAGST (−1.12◦C) in my study period.

The loggers on rockglacier Huhh1 (n = 8) had a HTIstart between the 27th of
October and 2nd of December. Only logger b118 had a late HTIstart, at the sixth
of January. Since the time gap between the different starts of insulation differ by
about two months, the ground cooling depends on the timing of the HTIstart. Late
HTIstart resulted in a ground cooling. The snow index was constant at almost every
site, thus the GST could not decrease to low temperatues. Logger b198 represents
the logger with one of the highest GST during winter (Figure 6.5). From the HTIstart

(07.11.2009) until the ZC, the GSTs remained constant.
Rockglacier Huhh3 (n = 8) had a slightly different pattern in the GST trend. The
HTIstart for most loggers was between the 2nd of December and 8th of January.
Thus, these locations had enough time to adapt to low air temperatures which is
reflected by the trend of the GST. Loggers b218 and b220 had a HTIstart at the 26th
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of October. As a result, logger b220 had a rather high GST (minimum of −5◦C).
Despite an early insulation at the site of logger b218, the GST was not insulated
enough to prevent the ground to cool down. The minimum GST was −10◦C, which
is rather low. The strongly fluctuating snow index explains a possible lowering of
the GST.
A special case was found at the site of logger b210. The GST strongly varied
during winter (Figure 6.5) due to very little snow recorded by the snow index. Its
HTIstart was at the 26th of March, thus no insulating snow layer prevented the
ground from cooling down. During winter, many loggers on Huhh3 had a strong
fluctuating GST. This is an opposite behaviour in comparison to the loggers on
Huhh1. Since the snow index varies at many loggers on Huhh3 but not on Huhh1,
the snow redistribution depending on rockglacier site defined the amount of snow
and thus, the insulating effectiveness (Biskaborn et al. 2019; French 2017). Snow
redistribution can vary within local scales in alpine terrain due to snow drift, surface
properties and avalanches (Gisnås et al. 2014; Stocker-Mittaz, Hoelzle, & Haeberli
2002).
The mean GST in comparison to the long-term mean only differs during summer
from mid of June to mid of July. In this period, the mean GST of 2010 was higher
than the long-term average.

Figure 6.5: GST in the hydrological year 2010 for logger b198 and b210. The
black line is the mean GST for all loggers on Huhh1 and Huhh3 for the hydrological
year 2010, the dark grey area is the 68% percentile, the light grey area the 95% per-
centile. The dashed line is the multi-decadal mean for 2002 − 2023, all rockglaciers
aggregated. From August to mid of September, no data for the hydrological year
2010 was available. The straight lines from mid of August to mid of September for
both loggers are linear interpolations between measurements.
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In summary, a cold summer half year in combination with a cold winter, enabled
the GSTs to adapt to low temperatures, depending on the timing and amount of
snow cover. Even though the year 2010 was the coldest on record in my measurement
period (MeteoSchweiz 2024), no very low GST were measured. Thus, the timing and
the thickness of snow has at least the same importance than extraordinary low air
temperature to get low MAGST. This was also found by Gisnås et al. (2014), Gubler
et al. (2011), and T. Zhang (2005). However, since no measurements are available
between mid of August and mid of September, the MAGST is less influenced by high
air temperatures. Only on 332 (Huhh1) and 326 (Huhh3) days were measurements
available. Since this is still 91% and 89% respectively, the calculation of the MAGST
is valid.

6.1.4 Hydrological year 2015

The hydrological year 2015 (01.10.2014 − 30.09.2015) has the highest observed
MAGST of 1.15◦C (Figure 5.5). Looking at the GST development of the indi-
vidual loggers, two different behaviours are detected. The loggers on rockglacier
Huhh1 (n = 2) generally had an early HTIstart at the beginning of November. Thus,
the GST could not cool down before the snow had its insulating effect. During the
entire winter, the GST did not decline to lower temperatures as they were at the
HTIstart. Although the snow index indicates a variable amount of snow, the GST
remained constant. Logger b103 did not have a ZC in spring, which indicates little
snow. However, logger b103 had the highest GST trend in winter although little
snow could have lead to a cooling of the ground surface (Figure 6.6). Logger b103
lies on fine-grained material (Figure 5.8, personal communication) which influences
the trend of GST.
The loggers on rockglacier Huhh3 (n = 3) quantified an opposite behaviour. Their
HTIstart was between mid-January and the beginning of February. As a result, their
GST was lower in comparison to Huhh1 in winter. Though, no logger on Huhh3
had a ZC in spring. Logger b210 had the lowest trend of winter GST (Figure 6.6).

Comparing the mean GST of 2015 with the long-term mean (2002 − 2023) shows
that the GST in winter was at the long-term average. However, from June to the
end of August, the mean GST of 2015 was considerably higher (Figure 6.6).
The departure from the mean 1961−1990 of the MAAT 2015 had the third largest
anomaly (+2.2◦C) (MeteoSchweiz 2024), indicating a warm year (PERMOS 2023).
Reducing the period to the six winter months (October to March) results in the
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Figure 6.6: GST in the hydrological year 2015 for logger b103 and b210. The
black line is the mean GST for all loggers on Huhh1 and Huhh3, the dark grey area
is the 68% percentile, the light grey area the 95% percentile. The dashed line is the
multi-decadal mean for 2002 − 2023, all rockglaciers aggregated.

winter with the fourth largest anomaly of the mean 1961 to 1990. If looking only
at three summer months indicates that the months from June to August had the
fourth largest mean anomaly (MeteoSchweiz 2024).
High air temperatures due to warm summer and winter were the most influencing
factors for the hydrological year 2015 that caused the highest measured MAGST.
Having two opposite timings of the HTIstart confirms that the winter was not a
cold winter. Since the loggers on rockglacier Huhh3 were not insulated at a snow
thickness of > 0.8 m, the GST could have adopt to low values if the air temperature
made it possible (Goodrich 1982; Haberkorn et al. 2021; T. Zhang 2005). However,
the GST did not decrease to a value worth mentioning.
Kenner et al. (2024) stated that the year 2015 was a snow-poor winter which can be
validated with the absence of ZC periods at four out of five loggers. Even though
the timing and duration of a snow cover additionally accounts to the main factors
influencing GST (Hoelzle 1996; PERMOS 2023; Roer 2005). In the case of the
hydrological year 2015, it can be neglected. If the air temperature in winter does
not decrease to low temperatures, the importance of a late insulating effect due to
snow is low. Only if the snow cover prevents the ground from cooling down, the
snow cover has to be included in the interpretation of the GST trend.
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6.1.5 Hydrological year 2022

The hydrological year 2022 (01.10.2021 − 30.09.2022) is the second warmest hy-
drological year ever measured in Switzerland (PERMOS 2023). Furthermore, it is
within the period of the warmest year concerning air temperature (MeteoSchweiz
2024). The MAAT of the calendar year 2022 was as high as never before since the
start of the measurements in Switzerland (MeteoSchweiz 2024). Three heat periods
lead to the second warmest summer on record. Only summer 2003 had higher air
temperatures (MeteoSchweiz 2024; PERMOS 2023). Likewise, the winter 2022 was
warmer than the long-term mean 1981 − 2010 (PERMOS 2023).

The MAGST of the hydrological year 2022 was high (0.51◦C) but for the period
where it is within it is not extraordinary high (Figure 5.5). The mean GST was
lower in winter but was strongly above the long-term average for 2002 − 2023 in
summer (Figure 6.7). From mid-June, the 95% percentile is above the long-term
average until mid-August. This reflects the second warmest summer on record.
Seven loggers on rockglacier Huhh1 were distributed. All loggers, besides logger
b103, have a strong fluctuating GST between the SOD and the HTIstart. Thus,
the GST could decrease to temperatures of −7◦C. From the HTIstart to the ZC,
the temperature trend remained more or less constant. Only logger b110 had a
fluctuating GST trend. Even though logger b103 was not directly insulated at
the beginning of the cold phase, the GST did only decrease to −2◦C and remained
constant until the ZC. Logger b1Wu represents the highest located logger on Huhh1.
Since the GST depends on altitude (Gubler et al. 2011), the expected GST trend
would have been lower (Figure 6.7). However, since b1Wu had a rather early HTIstart

(15.12.) in comparison to other loggers, the GST was early insulated from the
atmosphere. Nevertheless, logger b112 had its HTIstart five days earlier than b1Wu
and its GST trend achieved lower temperatures. However, b112 had no ZC in spring
which indicates that the snow cover was probably thin. Logger b1Wu had a short
but distinct ZC.
The logger on rockglacier Huhh2 has the same pattern like the majority of the loggers
on Huhh1. From the SOD (06.10.) to the HTIstart (20.12.), the GST decreased to
−7◦C and remained constant until the ZC, which was rather short.
On rockglacier Huhh3 six loggers were distributed. The pattern of all loggers, besides
b210, follow the same trend as the loggers on Huhh1 and Huhh2. Logger b210 did
not have a HTIstart thus the GST in winter was strongly fluctuating (Figure 6.7).
The subsequent ZC was short, but existent.
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Figure 6.7: GST in the hydrological year 2022 for logger b1Wu and b210. The
black line is the mean GST for all loggers on Huhh1 and Huhh3, the dark grey area
is the 68% percentile, the light grey area the 95% percentile. The dashed line is the
multi-decadal mean for 2002 − 2023, all rockglaciers aggregated.

In summary, snow fall around New Year insulated most of the loggers on all
rockglaciers. Up to the HTIstart, the GST decreased to a minimum temperature of
−7◦C. At most sites, the snow cover had an insulating effect resulting in constant
GST during winter at rather high temperatures between −2 to −7◦C. The warm
winter in combination with a warm summer period resulted in the fifth highest
MAGST in the study period. Even tough the summer was the second warmest on
record, the effect on the mean GST was greater than in the hydrological year 2003
(Figure 6.4 and 6.7), resulting in a higher MAGST.
However, there was no evidence found why the hydrological year 2022 had not
an extraordinary high MAGST since it is within the warmest year concerning air
temperature and recorded the second warmest summer. Further analysis considering
the timing and duration of the ZC or the snow disappearance date in spring may
provide explanations.

6.1.6 Time gap between Snow Onset Date and start of High

Thermal Insulation

A late HTIstart is crucial for low GST during winter (PERMOS 2023) and thus, for
the BTS (Marmy et al. 2013; Schoeneich 2011; T. Zhang 2005). As visible in Figure
5.3, a late HTIstart correlates with low BTS since snow has an insulating effect on
the surface (G. Li et al. 2021; Marmy et al. 2013; T. Zhang 2005). The hydrological
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year 2002 has the lowest BTS and the second latest HTIstart. In combination with
a long time gap between the SOD and the HTIstart (46 days), the ground could cool
down during the sensitive phase for permafrost in autumn and early winter.
The hydrological year 2006 confirms the assumption by the opposite behaviour. The
highest measured BTS took place after the earliest measured SOD, HTIstart and the
shortest time gap. An insulating snow cover from the 21st of October prevents the
ground from cooling down (G. Li et al. 2021; PERMOS 2023; Schoeneich 2011; T.
Zhang 2005). Thus, the stored summer heat in the active layer could not efficiently
leave the system (PERMOS 2023).
However, not all years follow this assumption. Looking closer at the period of 2014
to 2016, neither the HTIstart nor the length of the time gap can explain the size of
the BTS. In 2014, an early HTIstart (09.11.) resulted in a rather high BTS (−2.67◦C)
whereas the time gap had a duration of only 15 days. In contrast, the hydrological
year 2016 had a late HTIstart (25.12.) and the time gap lasted 43 days. This would
imply a low BTS. However, the BTS was only slightly lower than in 2014. Thus,
other factors affected the size of BTS in 2016.
Generally spoken, a late HTIstart results in a low BTS. Though the length of the
time gap having a major role cannot be confirmed since the combination of a short
time gap between the SOD and the HTIstart whereas the HTIstart is late, did not
occur in the study period. The timing of the SOD seems to play a minor role since
an early (e.g. 2021) or late (e.g. 2002) SOD can result in a low BTS.

6.2 Monthly Mean Ground Surface Temperature

The low variability between November and April is caused by the insulation of snow
(Figure 5.4). If the loggers are covered by a snow layer with a thickness > 0.8 m,
the GST remain constant (Gisnås et al. 2014; Haeberli 1973). Because the loggers
are all distributed within a small region, the timing and thickness of the snow cover
does not vary strongly at an aggregation on rockglacier level. Only by analysing
loggers individually, differences in the timing of the HTIstart are detected due to the
importance of the topographic variability (Gubler et al. 2011).
The snow free period has the largest variability between the loggers and sites. If
the ground is free from snow, the GST is directly coupled with the atmosphere
(Guglielmin, Worland, & Cannone 2012; Hoelzle 1994). Thus, the exposition, the
surface properties and the amount of direct incoming solar radiation are the dom-
inant influencing factors (Hoelzle 1996; Kenner et al. 2024; PERMOS 2023). If a
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logger is placed unfavourably, it may be exposed to direct solar radiation, which can
distort the recorded measurements. However, this results in small-scale variability
of GST during snow free periods.
In May, a very low variability is detected. The median of the GST and its variation
is almost 0◦C. During May, many measurement sites are at their ZC period. Since
the incoming energy is transferred to latent heat due to melt of snow, the GST
remains constant at 0◦C (Gisnås et al. 2014; Outcalt, Nelson, & Hinkel 1990; Staub
& Delaloye 2017). In June, the variation between the rockglaciers starts to increase.
The large data spread in June and July can be reduced to the heterogeneous sur-
face albedo. During snow melt in spring, the distribution of snow disappearance is
highly variable (Hoelzle 1992). The duration of the ZC depends on the snow thick-
ness (Gubler et al. 2011). The thicker the snow layer, the longer the ZC period (T.
Zhang 2005). Due to the small-scale variability of snow cover on rockglacier scale,
the duration of the ZC can be explained by the diverse thicknesses of snow cover.
Since the distribution of snow depends on topographic landforms, inclination and
small-scale surface properties, the amount of snow may differ significantly. Huhh1
is located at the east side of the Hungerlihorli, hence it receives less direct incoming
solar radiation in the afternoon in comparison to Huhh2 or Huhh3. This could lead
to increased amounts of snow due to less melt energy. In June, only Huhh3 had a
median > 0◦C, indicating the earliest timing of snow-free period. The data spread of
Huhh1 starts to increase in June towards a positive GST indicating the timing of the
melt out date. Since the median still remains at 0◦C, Huhh1 has its melt out date
between June and July for the majority of the years. Huhh2 has the latest melt out
which may result from the marginal inclination which favours snow accumulation
(Gisnås et al. 2014).

Gisnås et al. (2014) found that the largest variability of monthly mean GST was
during the winter months with a developed snow cover (January to April). They
stated that the variation in snow cover is the dominating factor of influencing spatial
variability in GST. During snow free periods, they observed low spatial variability.
Since their study area was in high latitudes and low altitudes (500 − 600 m a.s.l.),
their findings may differ from this study.
The study from Staub and Delaloye (2017) found results similar to this study. The
used data are from a rockglacier in the Lower Valais, called Alpage de Mille. They
observed a large data spread of GST during snow free periods and a small data
spread during snow covered periods. An insulating snow cover reduces the standard
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deviation SD of the mean GSTday by a factor of at least five to ten. In addition,
they compared the mean GSTday with the daily mean air temperature. During snow
free season, the daily SD of GST is of the same order like the daily SD of the air
temperature.

Comparing the monthly mean GST with the monthly mean air temperature
(Figure 5.4) depicts that the air temperature has lower values in winter and sum-
mer. Only during the snow melt phase (May and June), the air temperature is
higher than the GST. In autumn, the air temperature correlates with the GST.
The monthly mean GST and the the monthly mean air temperature in October and
November are pretty similar. The mean SOD is at the end of October (27.10.), and
the mean HTIstart is at the beginning of December (06.12.). Hence, indicating that
the ground is directly coupled with the atmosphere until December (Gubler et al.
2011; Staub et al. 2017).
Since the GST during winter (from December to April) is insulated by a snow cover,
the GST is higher than the air temperature (Hoelzle et al. 2001; PERMOS 2023;
T. Zhang 2005). The air temperature is below −3◦C during these months for the
catchment area Turtmänna-Gruben (HADES 2023), indicating that precipitation
falls as snow (see section 4.2, Figure 4.4).
From May until September, the mean monthly GST is lower than the mean monthly
air temperature. In this period, the air temperature is above 0◦C (HADES 2023).
In May, during the ZC phase, the GST remain at 0◦C due to phase change (T.
Zhang 2005). Since snow melt can only occur if the air temperature rises above 0◦C
(French 2017) or precipitation falls as rain (Gustafsson, Stähli, & Jansson 2001), the
mean monthly air temperature is larger than the GST. French (2017) found that
the spring thaw occurs during the first five weeks of air temperature rising above
0◦C. Substrate consisting of coarse material has a rapid thaw because percolation
is easy and the thermal conductivity is high (French 2017). Thus, the period of
phase change is not sensitive to long time periods since the rockglaciers consist of
coarse-grained substrate.
From the point when the snow cover is depleted (July), the mean monthly GST is
higher than the mean monthly air temperature. Low albedo at the ground surface
heats the adjacent terrain which results in a higher GST in comparison to the air
temperature (Gustafsson, Stähli, & Jansson 2001; Hoelzle 1994; Hoelzle et al. 2001;
Keller 1994).
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To conclude, the direct influence of the air temperature depends on season. It is
reduced during periods with snow (Guglielmin, Worland, & Cannone 2012; Haeberli
et al. 2010; Hoelzle et al. 2001), whereas the timing and thickness play a crucial
role for the size of the GST during winter (Guglielmin, Worland, & Cannone 2012;
PERMOS 2023). However, the data spread between the sites is low since the snow
distribution is rather uniform and has a long-lasting effect on GST. During snow
free periods, the air temperature is depicted as the dominant driver for the GST
(e.g. Guglielmin, Worland, & Cannone 2012; Haeberli et al. 2010; PERMOS 2023).
This results in the highest GST variability in snow free periods.

6.3 Mean Annual Ground Surface Temperature

The MAGST increased during the study period with a size of +0.076◦C/year (Figure
5.5, total increase of +1.6◦C/21 years) which results from rising air temperatures
and changing precipitation patterns due to climate change (Biskaborn et al. 2019;
IPCC 2013, 2019; Kenner et al. 2024). The results presented by PERMOS (2023)
from two rockglaciers in the Lower Valais showed an increase of +0.036◦C/year and
+0.047◦C/year. Hence, the rockglaciers in the Hungerlitelli experienced a larger
increase of MAGST than the ones in the Lower Valais. However, the flat and steep
bedrock on Corvatsch in the Engadine also had a MAGST increase of +0.092 and
+0.085◦C/year, respectively (PERMOS 2023).
The interpretation of the MAGST depends on various factors. In this study, the
MAGST depended on internal factors (e.g. topographic variability). The timing
of the HTIstart, the snow thickness and the end of the ZC phase were of great
importance. Years with considerable low (e.g. hydrological year 2010) or high
(e.g. summer in hydrological year 2003) air temperatures did not correlate with
outstanding low or high MAGST, respectively (Figure 5.5). Many studies, (e.g.
Gubler et al. (2011) and Luo, Jin, and Bense (2019)) confirm that large MAGST
variability can be explained with the topographic variability. In addition, they
found that the MAGST varied stronger at sites with large boulders, steep terrain
and variable snow distribution.
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6.3.1 Deviation of the Mean Annual Ground Surface Tem-

perature

Along the lines of the Swiss Permafrost Bulletin 2022 (PERMOS 2023), the devia-
tion of the MAGST was calculated (see section 5.3.1, Figure 5.7). PERMOS (2023)
analysed two rockglacier sites in the Lower Valais (Aget and Alpage de Mille, Fig-
ure 6.8). They calculated the deviation of the MAGST for the period 2006 − 2015
for each hydrological year since 2000. In most hydrological years, the deviation of
the MAGST has the same algebraic sign in comparison to the Hungerlitelli. If the
algebraic sign is the opposite, the anomaly is small around 0◦C.
Exceptions are the hydrological years 2006 (Hungerlitelli vs. Aget and Alpage de
Mille), 2013 (Hungerlitelli vs. Alpage de Mille) and 2016 (Hungerlitelli vs. Aget).
In 2006, both rockglaciers in the Lower Valais had a negative anomaly of slightly
larger than −1◦C. The rockglaciers in the Hungerlitelli had a positive anomaly of
+0.5◦C. The same behaviour was detected in 2016 by comparing the Hungerlitelli
with rockglacier Aget. In 2013, the rockglaciers in the Hungerlitelli had a negative
deviation from the MAGST. However, rockglacier Alpage de Mille had a positive
deviation of the MAGST.
The MAGST strongly depends on seasonal atmospheric variations and snow condi-
tions (HTIstart and snow disappearance date) (PERMOS 2013), the prevailing grain
size (Haeberli et al. 2006; Nyenhuis 2005; Roer 2005) and the exposition (Gubler
et al. 2011; Hoelzle 1994; Keller 1994). Since the rockglaciers are all located in
a similar climate, the atmospheric conditions differ minimal. However, small-scale
variations are not related since the rockglaciers are located in different valleys. The
timing and duration of the snow cover has a major influence on the MAGST (Gubler
et al. 2011; PERMOS 2013) thus the variation of anomalies can be explained by the
small-scale variability of snow. Likewise, the grain size may differ which, is also an
important factor influencing the existence of permafrost (Haeberli et al. 2006; Nyen-
huis 2005; Roer 2005). During snow-free periods, an exposition orientated towards
a sun exposed direction in combination with fine-grained material can reinforce un-
favourable permafrost conditions (Gubler et al. 2011; Hoelzle 1994).

In addition to the reference period 2006 − 2015, the deviation of the MAGST for
the first and last decade was calculated (Figure 5.7). The MAGST average for the
first decade (2002 − 2011) is considerably lower in comparison to the intermediate
and last decade. Thus, the MAGST anomaly is high, especially in the last decade.
If the deviation of the MAGST average in the period 2006 − 2015 is calculated, the
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first decade exhibited negative anomalies more frequently than the last decade. The
deviation of the MAGST 2014 − 2023 points out that this decade had high MAGST
since almost all hydrological years ahead of the last decade have negative anomalies.
Likewise, the last decade is the first one which had a positive MAGST average.
This shifting of the MAGST average highlights the trend towards increasing MAGST.
Although the snow distribution, thickness, timing and duration of an insulating snow
layer are of great importance on an interannual scale (Gisnås et al. 2014; Goodrich
1982; Gubler et al. 2011; Haberkorn et al. 2021), an increase in permafrost tem-
peratures over multi-decadal periods is a consequence of rising air temperatures
(Biskaborn et al. 2019; IPCC 2019; Kenner et al. 2024).

Figure 6.8: Deviation of the MAGST from the decadal average 2006 − 2015 for two
rockglacier sites in the Lower Valais, (a) Aget and (b) Alpage de Mille. The number
within brackets denotes the quantity of individual loggers utilised to compute the
average for the sites. The dashed line represents the linear trend observed in the
time series since the year 2000 (from PERMOS (2023)).
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6.3.2 Mean Annual Ground Surface Temperature dependent

on Rockglacier

As seen in section 5.3, the MAGST differ between the rockglaciers, especially be-
tween the actives and the inactive (Figure 5.6). The inactive rockglacier has lower
MAGST in every hydrological year, besides 2012, than the active rockglaciers. As-
suming less amount of ice in the ground, due to the inactive state of the rockglacier,
would lead to a decreased ground cooling and thus, to higher MAGST (Kenner et al.
2024). However, this is not observed in this study. Other factors lead to a decreased
MAGST.
The exposition slightly differs between the rockglaciers. Huhh2 is orientated west
to northwest whereat the other two are north to northwest orientated. Thus, this
could lead to slightly increased incoming solar radiation which would increase the
MAGST (Gubler et al. 2011, 2013). The GST is mainly dependent on the geographi-
cal redistribution of solar radiation on the ground surface (Luo, Jin, & Bense 2019).
Additionally, with an exposition towards the north, gently inclined slopes receive
more solar radiation than steeper ones (Gubler et al. 2011). Though, the MAGST
of Huhh2 is lower even tough the topographic characteristics lead to the opposite
behaviour.
As a result of the different inclinations, especially between Huhh2 and the active
rockglaciers, wind driven snow distribution may accumulate at the flatter rockglacier
site (Gubler et al. 2011). This would lead to a significant insulation of the ground
from the atmosphere. However, the timing of an insulating snow cover is of great
importance as well. Since the snow index does only show an early insulation of the
ground for few years (e.g. 2004, 2019), the GST could cool down in almost every
year, leading to low MAGST. The ZC phases are generally well developed, indicat-
ing a lot of snow. Thus, the ground in spring is still insulated from the increasing
air temperatures, reinforcing a low MAGST at the site of Huhh2.
Likewise, the surface characteristics influence the MAGST (Haeberli et al. 2006;
Nyenhuis 2005; Roer 2005). Even though the prevailing surface characteristic for
all three rockglaciers generally is large boulders, the small-scale variations of the
grain size and internal air circulation may result in different temperature regimes.
An internal air circulation can be formed at inactive rockglaciers, depending on the
ice content (Delaloye & Lambiel 2005). The logger b0Sp is placed between large
boulders. Large voids between the boulders and the well shaded place creates a cool
environment, maybe forcing a chimney effect. However, as only up to maximum
three loggers per hydrological year were distributed on Huhh2, this assumption is
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difficult to proof.
Nevertheless, the placement (representative for grain size and exposition), the tim-
ing, duration and thickness of snow can explain the low MAGST (Gubler et al.
2011). The combination of a late HTIstart with a long lasting snow cover at well
ventilated sites intensifies low MAGST (Delaloye & Lambiel 2005; Haeberli et al.
2006, 2010; Mittaz, Hoelzle, & Haeberli 2000). Rugged topography and heteroge-
neous surface characteristics result in a spatial differentiation of GST (Luo, Jin, &
Bense 2019). Since the number of different observation sites at Huhh2 are consid-
erably lower, the MAGST is not an average for many different sites. However, even
within a small-spatial extent, the MAGST differs (Gubler et al. 2011) and can be
representative for the inactive rockglacier.

By integrating the individual MAGST for each rockglacier in context of out-
standing weather conditions, Huhh2 represents the rockglacier which is the least
effected by the weather conditions. No matter if the hydrological year was outstand-
ing warm (2022) or cold (2010), the MAGST remained low. However, in summer
2003, which marks the warmest summer on record, the MAGST was slightly positive
(Figure 5.6). A positive MAGST only occurred in 2003, 2012 and 2019 for Huhh2.
Thus, the air temperature did only have a secondary influence at the inactive rock-
glacier Huhh2.
In the period of the warmest summer (2003) Huhh3 represents the rockglacier with
the highest MAGST. Likewise, in 2022, Huhh3 has the highest MAGST. Upon
closer analysis of the timing of an insulating snow cover, Huhh3 generally has a late
HTIstart (e.g. 2022). Thus, the ground was directly coupled with the air tempera-
ture for a longer period which would result in lower GST during the cold season.
However, the MAGST is higher than on Huhh1. In 2003, the HTIstart was unusually
early on Huhh3 which prevented the ground from cooling down and resulted in a
high MAGST. Since Huhh3 consists of fine-grained material more often compared to
Huhh1, the GST cannot achieve the same effectiveness of ground cooling (Haeberli
et al. 2010). In addition, due to the slightly different expositions between Huhh1
and Huhh3 and the possible shading of the Hungerhorli on Huhh1, the MAGST on
Huhh3 tends towards higher values. Thus, the main observed difference is the grain
size, the exposition and the shading effect.
However, in 2010, which is within the calendar year with the lowest MAAT, Huhh3
has a lower MAGST than Huhh1. This implies that Huhh3 is more strongly affected
by the variation of air temperature than Huhh1.
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6.3.3 Spatial Variability of Mean Annual Ground Surface

Temperature

Haeberli (1992) stated that permanently frozen ground is prevailing if the MAGST is
< 0◦C. Since rockglaciers are a landform of permafrost (Barsch 1996), their MAGST
should theoretically follow this assumptions. Figure 5.8 points out that the MAGST
transformed at almost every measurement location towards higher temperatures, at
many sites exceeding 0◦C (e.g. b102, b210, b045). Considering the presence or ab-
sence of permafrost, the BTS is needed. For further discussion, see section 6.4.

Rockglacier Huhh3 has the highest long-term MAGST (Table 5.1). Comparing
each hydrological year with the other rockglaciers implies that Huhh3 has the high-
est MAGST for the majority of the years (Figure 5.6). Only in the first decade, its
MAGST was below 0◦C (see section 5.3, Table 5.1).
Huhh3 has several lobes at the lower part which forms steep slopes. Steep slopes are
more sensitive to the cooling effect of wind since less snow can accumulate (Gubler
et al. 2011). However, they expose fine-grained material (Figure 5.8). Fine-grained
material buried under a snow layer have a GST close to 0◦C and are generally not
exposed to intense ground cooling (Staub et al. 2017). Additionally, fine-grained
material during snow-free period has a greater warming than coarse-grained sub-
strate (Harris & Pedersen 1998).
In contrast, flat slopes are exposed to high snow accumulation which expands the
duration of snow coverage. Hence, the MAGST can be reduced since it is for a
shorter time period directly coupled with the atmospheric temperatures.
Comparing the MAGST average 2014 − 2023 for Huhh3 with the surface rugged-
ness does not confirm the above mentioned relations (Figure 5.8). Logger b2Lo, b213
and b218 have the lowest MAGST in the second decade but they lie on fine-grained
material. All other loggers have a higher MAGST but are located at sites with a
higher ruggedness. The loggers b2Lo, b213 and b218 are all located at flatter areas
in comparison to the remaining loggers. Hence, the slope may have a greater impact
than the surface ruggedness on Huhh3, for example due to an increased amount of
snow accumulation.
The surface ruggedness is only discussed for the last decade since the used digital
terrain model for the calculation of the surface ruggedness is from 2017.

Rockglacier Huhh1 has a lower long-term MAGST than Huhh3. Also the MAGST
average for the intermediate (2006 − 2015) and last (2014 − 2023) decade is lower
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than the ones from Huhh3. Only in the first decade, their MAGST average are the
same. However, Huhh2 always has lower MAGST average values (Table 5.1).
The surface ruggedness depicts that some parts of Huhh1 are covered with fine-
grained substrate, mainly at the upper part of the tongue, at the orographical right
side and at the root zone. As mentioned in the above paragraph, fine-grained sub-
strate is permafrost unfavourable. The MAGST average for the last decade confirms
this statement. All loggers which have a MAGST average > 0◦C lie on sites with
the smallest observed surface ruggedness (Figure 5.8). Logger b1Wu is an excep-
tion. However, this logger is proned to large snow accumulations since it is located at
the highest measurement site and at a depression which favours snow accumulation
(personal communication).

6.4 Bottom Temperature of the Winter Snow Cover

The BTS from the first decade (2002 − 2011) shifted towards increased BTS in the
second decade (2014 − 2023) at many measurement sites (Figure 5.9). However, the
long-term trend of the BTS (Figure 5.3) indicate a minimal increase over the entire
study period (+0.014◦C/year, total +0.29◦C/21 years).
The BTS is primarily dependent on the heat flow from the upper permafrost layers
(Haeberli & Patzelt 1982; Hoelzle 1994; Keller 1994). Thus, the micro-relief and
the presence or absence of permafrost are more important than the MAAT (Hoelzle
1992). This can be validated by comparing the BTS between individual logger sites
on the rockglacier and the moraine in the first decade. Since the rockglaciers are
permafrost bodies and consists of coarse blocks, their BTS has temperatures below
−3◦C on almost all study sites in the first decade. In contrast, the loggers located
at the moraine have BTSs larger than −2◦C indicating that there is probably no
permafrost. This implies that the BTS does not depend on MAAT since all loggers
are located very close to each other.
The loggers distributed on the moraine lie on fine-grained material (Nyenhuis 2005).
On the rockglaciers, the prevailing grain size is mostly large boulders (Figure 5.9).
Roer (2005) found that fine-grained material are permafrost unfavourable although
they lie directly beside a rockglacier. Coarse debris favours the penetration of deep
temperatures into the ground (Nyenhuis 2005; Roer 2005).
The ratio of voids filled with air, water or ice are different between the ground prop-
erties of rockglacier and the moraine and thus their thermal conductivity (Haeberli
1973; R. Li et al. 2019). Fine-grained materials have larger capillary forces which
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increases the amount of water in the upper soil layers. During autumn, the freezing
of water needs a lot of energy which prevents the ground from cooling down (Gubler
et al. 2011). Meanwhile, coarse-material can cool down since no latent heat is needed
due to less water in the upper soil layers (Haeberli et al. 2010; Keller 1994).
The BTS is also dependent of the thermal flux from the lower ground layers. If per-
mafrost is present, the upper ground layers are cooled down from the lower ground
layers (Haeberli 1973, 1985; Schoeneich 2011). This implies a lower BTS. All those
factors result in a permafrost unfavourable condition on the moraine which can be
validated by the BTS.

On the orographical right side of Huhh1 are BTSs which indicate a low probabil-
ity for permafrost. A subsurface meltwater channel flows down along this rockglacier
side from the small but still existing Hungerligletscher. Likewise, a mudflow occurred
in the first years of observation (personal communication). Hence, the extent of per-
mafrost at the orographical right side is reduced.
At the root zone of Huhh3, the BTS probably increased due to a thinning in this
area resulting from the movement at the tongue (personal communication). Ad-
ditionally, too few accumulation of rock at the root zone decreases the amount of
material on the rockglacier at the top.

By comparing the surface ruggedness with the BTS average of the last decade
(Figure 5.9), no obvious correlations are detected. High and low mean BTS occurred
on fine-grained but also on coarse-grained substrate. Hence, the surface ruggedness
does not have a major influence on the mean BTS in the second decade.

The minimal increase of the regional BTS (Figure 5.3) can attributed to the
decrease of snow in winter, although the MAAT is rising. The presence or absence
of snow can change the quantity of the BTS. With no or late snow fall, as it occurs
more frequently with climate change in the Swiss Alps (NCCS 2018), the BTS can
adopt to lower temperatures. Hence, a later arrival or the absence of the HTIstart

can compensate the increasing air temperatures.

By reason for the requirement of an insulating snow layer, the future utility of
the BTS may be reduced. Increasing temperatures in winter, resulting in a rise of
the zero degree level, decrease the snow amount and thickness in the Alps in fu-
ture climate, especially in lower altitudes (NCCS 2018). Although the precipitation
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amount is increasing in winter in future climates, it falls less frequently as snow.
Hence, a thick enough snow layer may not be reached anymore at every study site.
If there is no insulating snow layer on top of the ground surface, the BTS can no
longer be calculated and used for permafrost mapping.
Hence, the MAGST, an alternative parameter to the BTS, was evaluated if it is suit-
able to replace the BTS. By comparing the BTS with the MAGST, similar patterns
can be seen (Figure 5.8 and 5.9). For both decades, low values of BTS correlate
with low values of MAGST. At locations, where the MAGST is > 0◦C, the BTS
has values between −2 to −3◦C for most of the loggers in the first decade (e.g.
b102, b211, b045). However three loggers (b105, b210 and b215) have a BTS of
< −3◦C and logger b103 has a BTS of > −2◦C. The different conclusions between
the MAGST and BTS may occur due to the influence of direct solar radiation and
thus, the placement of the loggers. Since the BTS is not depending on direct solar
radiation and the MAGST is dependent, the resulting temperatures may differ. If
the logger is placed unfavourable, or in contrast, at a well ventilated void between
boulders, the MAGST can have different values although the loggers are located
very close to each other.
In the second decade, the majority of the loggers with a MAGST > 0◦C have a BTS
of > −2◦C (e.g. b113, b148, b151). Hence, a weak correlation exist between the
BTS and the MAGST by shifting the categories for permafrost probability towards
higher temperatures when analysing the MAGST. However, since the MAGST ex-
periences an increasing trend whereas the BTS has only a minimal increase, a robust
definition with the MAGST seems to be difficult to assess.
Many temperature extremes occurred in the second decade (MeteoSchweiz 2024),
which has the ability to increase the MAGST since it is directly coupled with the air
temperature (Gubler et al. 2011). Many studies observed an increase of permafrost
temperatures during the past decades as well, and found that it is mainly a conse-
quence of rising air temperatures (Biskaborn et al. 2019; IPCC 2019). Hence, as long
as the air temperature does not stabilise, an assessment with the MAGST, regarding
the probability of permafrost distribution, cannot serve as a robust parameter.

To conclude, a positive MAGST does not directly refer to the absence of per-
mafrost, but in most cases it indicates that permafrost is only possible or that there
is probably no permafrost. This trend is intensified in the second decade by compar-
ing it to the first decade. Hence, a replacement of the BTS with the MAGST needs
further research to asses categories of the probability of permafrost. Although the
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MAGST is directly coupled with the atmosphere during snow-free periods, it may
be usable for future detection of permafrost if the loggers are placed favourable at
comparable sites.

6.5 Ground Freezing and Thawing Index

The GFI and GTI both show a trend towards more negative and positive values,
respectively (Figure 5.10). The greater temperature gap between the two indices
gives evidence for an increased occurrence of extreme temperatures. The greater the
GTI, the warmer the year. At the same time, a greater GFI implies a colder year
(PERMOS 2019).

The hydrological year 2022 had the highest GTI, which is also reported by PER-
MOS (2023) at all their measurement sites. The summer conditions in 2022 were
extraordinarily warm. However, the GFI for the hydrological year 2022 reached the
lowest value. This correlation can occur if no or only little snow fall covers the
ground in autumn and winter followed by a warm summer. A late timing of an
insulating snow cover enables a strong cooling of the ground, which implies more
negative values of the GFI. Moreover, an early melt out increases the GTI (PER-
MOS 2019) but also the GFI. However, the latter is not found in this study which
is in contrast to the findings of PERMOS (2023). Thus, the GST tends towards
more negative temperatures during winter and towards more positive values during
summer, reflecting the increased occurrence of extreme events and less snow.

The study of Frauenfeld, Zhang, and Mccreight (2007) researched the freezing
and thawing index variation over the twentieth century in the northern hemisphere.
They found similar results that the GFI is decreasing while the GTI significantly
increased in warm season. Although this study was done in high-latitude cold re-
gions, the results show the same trend as in high altitude regions in the Swiss Alps.
Likewise, research in the northern Northeast China found that the GTI is increasing
whereas the GFI is decreasing from 1970 to 2010 (Luo et al. 2014). They stated
that the ground freezing and thawing indices may provide implications of spatio-
temporal changes in the thermal regimes of active layer and permafrost soils.
A recent study analysed the dynamics of the ground freezing and thawing indices
from 1961 to 2010 on the Qinghai-Tibet Plateau (Fang et al. 2023). They reported
a large decrease and increase in GFI and GTI, respectively. The transformation
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towards a greater gap between the two indices were reported as a consequence of
the direct influence of air temperature but also precipitation.

To sum up, both indices are not only dependent on air temperature but also on
the timing, duration and thickness of the snow cover. Extraordinary temperatures
enhance the effect of a greater gap between very high and very low values.

Splitting the ground freezing and thawing index to the level of rockglacier en-
ables the detection of different reactions depending on the rockglacier (Figure 5.11).
The magnitudes of the indices of rockglacier Huhh1 are almost the same as they are
at the aggregated level. However, the GTI shows slightly larger values. In contrast,
Huhh3 has remarkable high GTI during the entire period. Thus, small-scale varia-
tions like snow accumulation, exposition and ground properties lead to the different
results. Different soils cool at other rates depending upon heat conductivity and
moisture content. Thus, the freezing and melting occur at different rates (French
2017). Since rockglacier Huhh3 is generally steeper than Huhh1, the slope can re-
trieve more direct solar radiation, especially in summer (Gubler et al. 2011). This
results in an increased GTI.
The indices of rockglacier Huhh2 differ from the active rockglaciers. The GTI is
almost stable between 1 − 2◦C with some years showing larger values (2006, 2013).
The GTI does not show an increasing trend, thus not following the air tempera-
ture trend. The GFI has a strongly decreasing trend towards the lowest measured
GFI. More negative GFIs in combination with smaller GTIs depicts more days in
a year with negative GST. Thus, rockglacier Huhh2 implies a site with permafrost
favourable conditions. However, due to the small amount of measurement locations
on the inactive rockglacier, the loggers may not be representative for the entire rock-
glacier.
Conspicuous are the variations of the maximum and minimum GTI and GFI de-
pending on the hydrological year. In 2022, rockglacier Huhh1 has both the highest
and lowest values, whereas rockglacier Huhh3 has its highest GTI in 2006, its low-
est GFI in 2021. Huhh2 has the largest GTI also in 2006, the lowest GFI is in
2022. To distinguish the variations between the rockglaciers, a small-scale analysis
of the exposition, timing, duration and thickness of the snow cover on logger level
is needed.
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6.6 Limitations

Since only the GST is measured, a connection with the air temperature, precipi-
tation and snow thickness is difficult. Small-scale variations of the non-measured
parameters cannot be distinguished. Although Staub and Delaloye (2017) presented
indices to derive snow insulation and melt indices, they do not always correlate with
the prevailing GST. A weather station close to the study site (e.g. in the Hunger-
litelli) would enable to calculate the surface offset and an interpolation of the snow
height. Additionally, a regular recording of the snow height (e.g. with a fix installed
camera) can help to interpret the small-scale distribution of snow during winter and
spring. However, the interpretation of the GST on a regional and rockglacier scale
does not need further parameters since MeteoSchweiz (2024) and HADES (2023)
provide interpolated weather data for the entirety of Switzerland.
At the beginning of the measurement period, the loggers were removed from their
site and replaced with another temperature logger. Since the UTL-1 loggers have
only an accuracy of ±0.25◦C and are sensitive to drift, a temperature drift may
have occurred only due to the logger replacement. Hence, in the worst case, a non-
detectable temperature drift of 0.5◦C may have happened. However, since the GST
is analysed at daily means, this possible temperature drift is negligibly small.
A detailed documentation about the logger placement and the prevailing ground
properties would enable an analysis of the logger position and the grain size. The
provided digital elevation model has a spatial resolution of 0.5 m, the ruggedness
on the rockglaciers mainly differ if it is smaller or larger than 0.5 m. Since the
grain size can differ within small distances (< 0.5 m), the spatial resolution is on
the scarce side of adequate resolution. However, to gain an overview about the
regional distribution of the ruggedness, the digital elevation model has a sufficient
resolution.
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A long-term analysis of the GST enables a detection of the most influencing factors
on GST in a seasonal, inter-annual and multi-decadal time scale. Additionally, the
dependency of the GST on snow and surface properties, air temperature and the
correlation between the MAGST and BTS was evaluated.

The seasonal GST depends mostly on the variation of air temperature in snow
free periods. The timing, thickness and duration of the snow cover was of major im-
portance from autumn to spring until the snow cover is completely depleted. During
periods with snow, the direct influence of air temperature is reduced. Hence, a high
variability was detected between the sites in summer, whereas only a low variability
was measured during winter. The high variability in snow-free periods is mainly a
consequence of small-scale variations of the ground substrate (e.g. fine-grained vs.
coarse-grained) and the exposition. The low variability in winter can be reduced to
the timing, thickness and duration of snow. Snow cover from a thickness of 0.8 m
upwards has an insulating effect on the ground. Hence, the timing of the HTIstart

affected the GST in winter. In most cases an early HTIstart resulted in high GSTs
whereas a late HTIstart enables a decrease of GSTs towards lower temperatures.
Hence, a late HTIstart resulted in low BTS and vice versa. The length of the time
gap between the SOD and the HTIstart cannot confirm if it influences the size of the
winter GST.
Inter-annual variations originated from the timing, thickness and duration of the
snow cover and from the intensity of the direct incoming solar radiation in snow-free
periods. Additionally, the air temperature during summer and winter are important
as well, especially during winter with no or only little snow.
The multi-decadal GST measurements depict an increasing trend, following the
air temperature course. More extreme events of high temperatures forced higher
MAGST. Although, the GST does not always follow the air temperature since the
ground properties and snow coverage have a major influence as well.

Since the BTS is dependent on a snow cover with at least a thickness of 0.8 m,
the future use may be reduced due to decreased snow fall in the Siwss Alps. Hence,
the MAGST was tested if it can replace the BTS for detection of permafrost proba-
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bility. Since the MAGST depends on air temperature during snow-free season, the
quantity between the BTS and MAGST differed in several years, leading to different
conclusions of permafrost occurrence. Hence, to be able to use the MAGST as a
permafrost indicator would need a new assessment for the quantity of the MAGST.
Since the MAGST experience a rising trend and the BTS only a weak increasing
trend, the MAGST would need repeated adjustments due to increasing tempera-
tures.
Comparing the BTS of the rockglaciers with the moraine confirmed that the BTS
is not dependent on air temperature since all analysed landforms are located very
close to each other. The grain size seemed to be the most influencing parameter be-
sides the timing of the snow cover. Fine-grained material is permafrost unfavourable
whereas coarse grained substrate is permafrost favourable.

The analysis of the ground freezing and thawing index visualised a rising tem-
perature difference between the two indices with ongoing time. This highlights
an increased occurrence of extreme temperatures during summer and the reduced
amount of snow during winter which lead to decreased GSTs.

By continuing the proceedings enables a prolonged time series for documentation
and comparing the state of permafrost with climate change. Further research with
this data set can be used to compare the GST with the kinematics of rockglaciers,
to find further parameters for permafrost detection or to enhance the importance of
climate change in high mountain environment.

86



Bibliography

Barsch, D. (1992). Permafrost creep and rockglaciers. Permafrost and Periglacial Processes, 3 (3),
175–188. https://doi.org/10.1002/ppp.3430030303

Barsch, D. (1996). Rockglaciers: Indicators for the Present and Former Geoecology in High Moun-
tain Environments. Springer.

Barsch, D., & Caine, N. (1984). The nature of mountain geomorphology. Mountain Research &
Development, 4 (4), 287–298. https://doi.org/10.2307/3673231

Bejan, A., & Kraus, A. D. (2003). Heat transfer handbook. J. Wiley.
Biskaborn, B. K., Smith, S. L., Noetzli, J., Matthes, H., Vieira, G., Streletskiy, D. A., Schoeneich,

P., Romanovsky, V. E., Lewkowicz, A. G., Abramov, A., Allard, M., Boike, J., Cable, W. L.,
Christiansen, H. H., Delaloye, R., Diekmann, B., Drozdov, D., Etzelmüller, B., Grosse, G.,
. . . Lantuit, H. (2019). Permafrost is warming at a global scale. Nature Communications,
10 (1), 1–11. https://doi.org/10.1038/s41467-018-08240-4

Cline, D. W. (1997). Snow surface energy exchanges and snowmelt at a continental, midlati-
tude Alpine site. Water Resources Research, 33 (4), 689–701. https://doi.org/10.1029/
97WR00026

Delaloye, R., & Lambiel, C. (2005). Evidence of winter ascending air circulation throughout talus
slopes and rock glaciers situated in the lower belt of alpine discontinuous permafrost
(Swiss Alps). Norsk Geografisk Tidsskrift, 59 (2), 194–203. https : / /doi . org /10 . 1080/
00291950510020673

Fang, X., Wang, A., Lyu, S., & Fraedrich, K. (2023). Dynamics of Freezing/Thawing Indices and
Frozen Ground from 1961 to 2010 on the Qinghai-Tibet Plateau. Remote Sensing, 15 (14).
https://doi.org/10.3390/rs15143478

Ferrians, O. J., Kachadoorian, R., & Greene, G. W. (1969). Permafrost and related engineering
problems in Alaska. United States Department of the Interior, Geological Survey.

Frauenfeld, O. W., Zhang, T., & Mccreight, J. L. (2007). Northern Hemisphere freezing/thawing
index variations over the twentieth century. International Journal of Climatology, 27 (1),
47–63. https://doi.org/10.1002/joc.1372

Frei, C. (2022). Mittlere Lufttemperaturen 1991-2020 (tech. rep.). Hydrologischer Atlas der Schweiz.
Bern.

Frei, C., Isotta, F. A., & Schwanbeck, J. (2018). Mittlere Niederschlagshöhen 1981-2010 (tech.
rep.). Hydrologischer Atlas der Schweiz. Bern.

French, H. M. (2017, December). The Periglacial Environment. Wiley. https://doi.org/10.1002/
9781119132820

87

https://doi.org/10.1002/ppp.3430030303
https://doi.org/10.2307/3673231
https://doi.org/10.1038/s41467-018-08240-4
https://doi.org/10.1029/97WR00026
https://doi.org/10.1029/97WR00026
https://doi.org/10.1080/00291950510020673
https://doi.org/10.1080/00291950510020673
https://doi.org/10.3390/rs15143478
https://doi.org/10.1002/joc.1372
https://doi.org/10.1002/9781119132820
https://doi.org/10.1002/9781119132820


Bibliography

Gaussen, H. (1954). Théorie et classification des climats et microclimats.[Theory and classification
of climates and microclimates.] CR VIII ème Congres International de Botanique, 7, 125–
130.

GEOTEST. (2023). UTL-3 Temperature Datalogger. https://www.geotest.ch/de/innovation/utl-
temperaturdatenlogger

Gisnås, K., Westermann, S., Schuler, T. V., Litherland, T., Isaksen, K., Boike, J., & Etzelmüller,
B. (2014). A statistical approach to represent small-scale variability of permafrost tem-
peratures due to snow cover. Cryosphere, 8 (6), 2063–2074. https://doi.org/10.5194/tc-8-
2063-2014

Goodrich, L. E. (1982). The influence of snow cover on the ground thermal regime. Canadian
Geotechnical Journal, 19 (4), 421–432. https://doi.org/10.1139/t82-047

Grotzinger, J., & Jordan, T. (2016). Press/Siever Allgemeine Geologie. Springer-Verlag.
Gubler, S., Endrizzi, S., Gruber, S., & Purves, R. S. (2013). Sensitivities and uncertainties of mod-

eled ground temperatures in mountain environments. Geoscientific Model Development,
6 (4), 1319–1336. https://doi.org/10.5194/gmd-6-1319-2013

Gubler, S., Fiddes, J., Keller, M., & Gruber, S. (2011). Scale-dependent measurement and analysis
of ground surface temperature variability in alpine terrain. The Cryosphere, 5 (2), 431–443.
https://doi.org/10.5194/tc-5-431-2011

Guglielmin, M., Worland, M. R., & Cannone, N. (2012). Spatial and temporal variability of ground
surface temperature and active layer thickness at the margin of maritime Antarctica, Signy
Island. Geomorphology, 155-156, 20–33. https://doi.org/10.1016/j.geomorph.2011.12.016

Gustafsson, D., Stähli, M., & Jansson, P. E. (2001). The surface energy balance of a snow cover:
Comparing measurements to two different simulation models. Theoretical and Applied Cli-
matology, 70 (1-4), 81–96. https://doi.org/10.1007/s007040170007

Haberkorn, A., Kenner, R., Noetzli, J., & Phillips, M. (2021). Changes in Ground Temperature
and Dynamics in Mountain Permafrost in the Swiss Alps. Frontiers in Earth Science,
9 (626686). https://doi.org/10.3389/feart.2021.626686

HADES. (2023). Hydrologischer Atlas der Schweiz. hydrologischeratlas.ch
Haeberli, W. (1992). Possible effects of climatic change on the evolution of Alpine permafrost.

Catena. Supplement (Giessen), (22), 23–35.
Haeberli, W. (1973). Die Basis-Temperatur der winterlichen Schneedecke als möglicher Indika-

tor für die Verbreitung von Permafrost in den Alpen. Zeitschrift fur Gletscherkunde und
Glazialgeologie, 9, 221–227.

Haeberli, W. (1983). Permafrost-glacier relationships in the Swiss Alps - today and in the past.
Permafrost: fourth international conference, proceedings, 415–420.

Haeberli, W. (1985). Creep of mountain permafrost: internal structure and flow of alpine rock
glaciers. ETH.

Haeberli, W., Hallet, B., Arenson, L., Elconin, R., Humlum, O., Kääb, A., Kaufmann, V., Ladanyi,
B., Matsuoka, N., Springman, S., & Mühll, D. V. (2006). Permafrost creep and rock glacier
dynamics. Permafrost and Periglacial Processes, 17 (3), 189–214. https://doi.org/10.1002/
ppp.561

Haeberli, W., Noetzli, J., Arenson, L., Delaloye, R., Gärtner-Roer, I., Gruber, S., Isaksen, K.,
Kneisel, C., Krautblatter, M., & Phillips, M. (2010). Mountain permafrost: development
and challenges of a young research field. Journal of Glaciology, 56 (200), 1043–1058.

88

https://www.geotest.ch/de/innovation/utl-temperaturdatenlogger
https://www.geotest.ch/de/innovation/utl-temperaturdatenlogger
https://doi.org/10.5194/tc-8-2063-2014
https://doi.org/10.5194/tc-8-2063-2014
https://doi.org/10.1139/t82-047
https://doi.org/10.5194/gmd-6-1319-2013
https://doi.org/10.5194/tc-5-431-2011
https://doi.org/10.1016/j.geomorph.2011.12.016
https://doi.org/10.1007/s007040170007
https://doi.org/10.3389/feart.2021.626686
hydrologischeratlas.ch
https://doi.org/10.1002/ppp.561
https://doi.org/10.1002/ppp.561


Bibliography

Haeberli, W., & Patzelt, G. (1982). Permafrostkartierung im Gebiet der Hochebenkar-Blockgletscher,
Obergurgl, Ötztaler Alpen. Zeitschrift für Gletscherkunde und Glazialgeologie, 18 (2), 127–
150. https://epic.awi.de/id/eprint/31432/

Harris, S. A., & Pedersen, D. E. (1998). Thermal regimes beneath coarse blocky materials. Per-
mafrost and Periglacial Processes, 9 (2), 107–120. https://doi.org/10.1002/(SICI)1099-
1530(199804/06)9:2<107::AID-PPP277>3.0.CO;2-G

Hendriks, M. R. (2010). Introduction to Physical Hydrology (1st ed.). Oxford University Press.
Hoelzle, M., Haeberli, W., & Stocker-Mittaz, C. (2003). Miniature ground temperature data logger

measurements 2000-2002 in the Murtèl-Corvatsch area, Eastern Swiss Alps. Proceedings
of the Eighth International Conference on Permafrost, 21, 25.

Hoelzle, M. (1992). Permafrost occurrence from BTS measurements and climatic parameters in
the eastern Swiss Alps. Permafrost and Periglacial Processes, 3 (2), 143–147. https://doi.
org/10.1002/ppp.3430030212

Hoelzle, M. (1994). Permafrost und Gletscher im Oberengadin: Grundlagen und Anwendungs-
beispiele für automatisierte Schätzverfahren (D. Vischer, Ed.). Versuchsanstalt für Wasser-
bau, Hydrologie und Glaziologie VAW, ETHZ.

Hoelzle, M. (1996). Mapping and modelling of mountain permafrost distribution in the Alps. Norsk
Geografisk Tidsskrift, 50 (1), 11–15. https://doi.org/10.1080/00291959608552347

Hoelzle, M., Mittaz, C., Etzelmüller, B., & Haeberli, W. (2001). Surface energy fluxes and distri-
bution models of permafrost in European mountain areas: An overview of current devel-
opments. Permafrost and Periglacial Processes, 12 (1), 53–68. https://doi.org/10.1002/
ppp.385

Hurni, L., Lehmann, P., Morf, N., Häberling, C., & van Dongen, V. (2023). Schweizer Weltatlas.
www.schweizerweltatlas.ch

Ikeda, A., & Matsuoka, N. (2002). Degradation of talus-derived rock glaciers in the Upper Engadin,
Swiss Alps. Permafrost and Periglacial Processes, 13 (2), 145–161. https://doi.org/10.
1002/ppp.413

IPCC. (2007). 2007: Observations: Changes in Snow, Ice and Frozen Ground. In P. Lemke, J. Ren,
R. Alley, I. Allison, G. Carrasco, G. Flato, Y. Fuji, G. Kaser, P. Mote, R. Thomas, &
T. Zhang (Eds.), Climate change 2007: The physical science basis. contribution of working
group i to the fourth assessment report of the intergovernmental panel on climate change
(pp. 339–383). Cambridge University Press.

IPCC. (2013). 2013: Observations: Cryosphere. In D. Vaughan, J. Comiso, I. Allison, J. Carrasco,
G. Kaser, R. Kwok, P. Mote, T. Murray, F. Paul, J. Ren, E. Rignot, O. Solomina, K.
Steffen, & T. Zhang (Eds.), Climate change 2013: The physical science basis. contribution
of working group i to the fifth assessment report of the intergovernmental panel on climate
change (pp. 317–382).

IPCC. (2019). 2019: High Mountain Areas. In R. Hock, G. Rasul, C. Adler, S. Cáceres, S. Gruber,
Y. Hirabayashi, M. Jackson, A. Kääb, S. Kang, S. Kutuzov, A. Milner, U. Molau, S.
Morin, B. Orlove, & H. Steltzer (Eds.), Ipcc special report on the ocean and cryosphere
in a changing climate (pp. 131–202). Cambridge University Press. https://doi.org/https:
//doi.org/10.1017/9781009157964.004

IPCC. (2023). 2023: Sections. In Core Writing Team, H. Lee, & J. Romero (Eds.), Climate change
2023: Synthesis report. contribution of working groups i, ii and iii to the sixth assessment

89

https://epic.awi.de/id/eprint/31432/
https://doi.org/10.1002/(SICI)1099-1530(199804/06)9:2<107::AID-PPP277>3.0.CO;2-G
https://doi.org/10.1002/(SICI)1099-1530(199804/06)9:2<107::AID-PPP277>3.0.CO;2-G
https://doi.org/10.1002/ppp.3430030212
https://doi.org/10.1002/ppp.3430030212
https://doi.org/10.1080/00291959608552347
https://doi.org/10.1002/ppp.385
https://doi.org/10.1002/ppp.385
www.schweizerweltatlas.ch
https://doi.org/10.1002/ppp.413
https://doi.org/10.1002/ppp.413
https://doi.org/https://doi.org/10.1017/9781009157964.004
https://doi.org/https://doi.org/10.1017/9781009157964.004


Bibliography

report of the intergovernmental panel on climate change (pp. 35–115). https://doi.org/10.
59327/IPCC/AR6-9789291691647

Johnston, G. H. (1981). Permafrost: engineering design and construction. Wiley.
Keller, F. U. (1994). Interaktionen zwischen Schnee und Permafrost: Eine Grundlagenstudie im

Oberengadin (D. Vischer, Ed.). Versuchsanstalt für Wasserbau, Hydrologie und Glaziologie
der Eidgenössischen Technischen Hochschule Zürich.

Kenner, R., Noetzli, J., Bazargan, M., & Scherrer, S. C. (2024). Response of alpine ground temper-
atures to a rising atmospheric 0◦C isotherm in the period 1955-2021. Science of the Total
Environment, 924 (171446), 12. https://doi.org/10.1016/j.scitotenv.2024.171446

Li, G., Zhao, Y., Zhang, W., & Xu, X. (2021). Influence of snow cover on temperature field of
frozen ground. Cold Regions Science and Technology, 192. https://doi.org/10.1016/j.
coldregions.2021.103402

Li, R., Zhao, L., Wu, T., Wang, Q., Ding, Y., Yao, J., Wu, X., Hu, G., Xiao, Y., Du, Y., Zhu,
X., Qin, Y., Yang, S., Bai, R., Du, E., Liu, G., Zou, D., Qiao, Y., & Shi, J. (2019).
Soil thermal conductivity and its influencing factors at the Tanggula permafrost region
on the Qinghai-Tibet Plateau. Agricultural and Forest Meteorology, 264, 235–246. https:
//doi.org/10.1016/j.agrformet.2018.10.011

Luo, D., Jin, H., & Bense, V. F. (2019). Ground surface temperature and the detection of permafrost
in the rugged topography on NE Qinghai-Tibet Plateau. Geoderma, 333, 57–68. https:
//doi.org/10.1016/j.geoderma.2018.07.011

Luo, D., Jin, H., Jin, R., Yang, X., & Lü, L. (2014). Spatiotemporal variations of climate warming
in northern Northeast China as indicated by freezing and thawing indices. Quaternary
International, 349, 187–195. https://doi.org/10.1016/j.quaint.2014.06.064

Marks, D., & Dozier, J. (1992). Climate and energy exchange at the snow surface in the Alpine
Region of the Sierra Nevada: 2. Snow cover energy balance. Water Resources Research,
28 (11), 3043–3054. https://doi.org/10.1029/92WR01483

Marmy, A., Salzmann, N., Scherler, M., & Hauck, C. (2013). Permafrost model sensitivity to sea-
sonal climatic changes and extreme events in mountainous regions. Environmental Research
Letters, 8 (3), 35048–35057. https://doi.org/10.1088/1748-9326/8/3/035048

MeteoSchweiz. (2024). MeteoSchweiz. www.meteoschweiz.admin.ch
Mittaz, C., Hoelzle, M., & Haeberli, W. (2000). First results and interpretation of energy-flux

measurements over Alpine permafrost. Annals of Glaciology, 31, 275–280. https://doi.
org/10.3189/172756400781820363

Morard, S., Delaloye, R., & Lambiel, C. (2010). Pluriannual thermal behaviour of low elevation
cold talus slopes in western Switzerland. Geographica Helvetica, 65 (2), 124–134. https :
//doi.org/10.5194/gh-65-124-2010

NCCS. (2018). CH2018 - Klimaszenarien für die Schweiz. National Centre for Climate Services,
Zürich. (tech. rep.). https://doi.org/978-3-9525031-0-2

Nickling, W., & Bennett, L. (1984). The Shear Strength Characteristics of Frozen Coarse Granular
Debris. Journal of Glaciology, 30 (106), 348–357. https://doi.org/10.3189/S0022143000006201

Nyenhuis, M. (2005). Permafrost und Sedimenthaushalt in einem alpinen Geosystem [Doctoral
dissertation, Rheinische Friedrich-Wilhelms-Universität Bonn]. Universitäts- und Landes-
bibliothek Bonn. https://hdl.handle.net/20.500.11811/2309

90

https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1016/j.scitotenv.2024.171446
https://doi.org/10.1016/j.coldregions.2021.103402
https://doi.org/10.1016/j.coldregions.2021.103402
https://doi.org/10.1016/j.agrformet.2018.10.011
https://doi.org/10.1016/j.agrformet.2018.10.011
https://doi.org/10.1016/j.geoderma.2018.07.011
https://doi.org/10.1016/j.geoderma.2018.07.011
https://doi.org/10.1016/j.quaint.2014.06.064
https://doi.org/10.1029/92WR01483
https://doi.org/10.1088/1748-9326/8/3/035048
www.meteoschweiz.admin.ch
https://doi.org/10.3189/172756400781820363
https://doi.org/10.3189/172756400781820363
https://doi.org/10.5194/gh-65-124-2010
https://doi.org/10.5194/gh-65-124-2010
https://doi.org/978-3-9525031-0-2
https://doi.org/10.3189/S0022143000006201
https://hdl.handle.net/20.500.11811/2309


Bibliography

Ohmura, A., & Raschke, E. (2005). Energy budget at the earth’s surface (Part 1/2). In M. Hantel
(Ed.), Observed global climate (Volume 6, pp. 1–27). Springer-Verlag. https://doi.org/10.
1007/10730550{\_}26

Outcalt, S. I., Nelson, F. E., & Hinkel, K. M. (1990). The zero-curtain effect: Heat and mass transfer
across an isothermal region in freezing soil. Water Resources Research, 26 (7), 1509–1516.
https://doi.org/10.1029/WR026i007p01509

PERMOS. (2013). Permafrost in Switzerland 2008/2009 and 2009/2010. In J. Noetzli (Ed.). https:
//doi.org/https://doi.org/10.5167/uzh-85870

PERMOS. (2019). Permafrost in Switzerland 2014/15 to 2017/18. In J. Noetzli, C. Pellet, & B.
Staub (Eds.), Glaciological report permafrost no. 16-19 of the cryospheric commission of
the swiss academy of sciences (p. 104). https://doi.org/10.13093/permos-rep-2019-16-19.

PERMOS. (2023). Swiss Permafrost Bulletin 2022. In J. Noetzli & C. Pellet (Eds.). https://doi.
org/10.13093/permos-bull-23

Roer, I. (2005). Rockglacier kinematics in a high mountain geosystem [Doctoral dissertation,
Rheinische Friedrich-Wilhelms-Universität Bonn]. https : //bonndoc .ulb .uni - bonn .de/
xmlui/handle/20.500.11811/2284

Sade, R., Rimmer, A., Litaor, M. I., Shamir, E., & Furman, A. (2014). Snow surface energy and
mass balance in a warm temperate climate mountain. Journal of Hydrology, 519 (Part A),
848–862. https://doi.org/10.1016/j.jhydrol.2014.07.048

Scherler, M., Schneider, S., Hoelzle, M., & Hauck, C. (2014). A two-sided approach to estimate
heat transfer processes within the active layer of the Murtèl-Corvatsch rock glacier. Earth
Surface Dynamics, 2 (1), 141–154. https://doi.org/10.5194/esurf-2-141-2014

Schoeneich, P. (2011). Guide lines for monitoring Bottom temperature of snow cover (tech. rep.).
Smith, M. W., & Riseborough, D. W. (2002). Climate and the Limits of Permafrost: A Zonal

Analysis. Permafrost and Periglacial Processes, 13 (1), 1–15. https://doi.org/10.1002/
ppp.410

Staub, B., & Delaloye, R. (2017). Using Near-Surface Ground Temperature Data to Derive Snow In-
sulation and Melt Indices for Mountain Permafrost Applications. Permafrost and Periglacial
Processes, 28 (1), 237–248. https://doi.org/10.1002/ppp.1890

Staub, B., Hasler, A., Noetzli, J., & Delaloye, R. (2017). Gap-Filling Algorithm for Ground Surface
Temperature Data Measured in Permafrost and Periglacial Environments. Permafrost and
Periglacial Processes, 28 (1), 275–285. https://doi.org/10.1002/ppp.1913

Stocker-Mittaz, C., Hoelzle, M., & Haeberli, W. (2002). Modelling alpine permafrost distribution
based on energy-balance data: a first step. Permafrost and Periglacial Processes, 13 (4),
271–282. https://doi.org/10.1002/ppp.426

swisstopo. (2017). Karten der Schweiz. map.geo.admin.ch
swisstopo. (2020). Karten der Schweiz. map.geo.admin.ch
swisstopo. (2023). Karten der Schweiz. map.geo.admin.ch
Troll, C. (1944). Strukturböden, Solifluktion und Frostklimate der Erde. Geologische Rundschau,

34 (7-8), 545–694. https://doi.org/10.1007/BF01803103
Troll, C. (1973). High Mountain Belts Between the Polar Caps and the Equator: Their Definition

and Lower Limit. Arctic and Alpine Research, 5 (3), 19–27. https ://doi .org/10.1080/
00040851.1973.12003713

91

https://doi.org/10.1007/10730550{\_}26
https://doi.org/10.1007/10730550{\_}26
https://doi.org/10.1029/WR026i007p01509
https://doi.org/https://doi.org/10.5167/uzh-85870
https://doi.org/https://doi.org/10.5167/uzh-85870
https://doi.org/10.13093/permos-rep-2019-16-19.
https://doi.org/10.13093/permos-bull-23
https://doi.org/10.13093/permos-bull-23
https://bonndoc.ulb.uni-bonn.de/xmlui/handle/20.500.11811/2284
https://bonndoc.ulb.uni-bonn.de/xmlui/handle/20.500.11811/2284
https://doi.org/10.1016/j.jhydrol.2014.07.048
https://doi.org/10.5194/esurf-2-141-2014
https://doi.org/10.1002/ppp.410
https://doi.org/10.1002/ppp.410
https://doi.org/10.1002/ppp.1890
https://doi.org/10.1002/ppp.1913
https://doi.org/10.1002/ppp.426
map.geo.admin.ch
map.geo.admin.ch
map.geo.admin.ch
https://doi.org/10.1007/BF01803103
https://doi.org/10.1080/00040851.1973.12003713
https://doi.org/10.1080/00040851.1973.12003713


Bibliography

Walter, H. (1955). Die Klimadiagramme als Mittel zur Beurteilung der Klimaverhältnisse für
ökologische, vegetationskundliche und landwirtschaftliche Zwecke. Berichte der deutschen
botanischen Gesellschaft, 68, 331–344.

Wicky, J., & Hauck, C. (2017). Numerical modelling of convective heat transport by air flow in
permafrost talus slopes. Cryosphere, 11 (3), 1311–1325. https://doi.org/10.5194/tc-11-
1311-2017

Williams, P. J., & Smith, M. W. (1989). The frozen earth : fundamentals of geocryology. Cambridge
University Press.

Zepp, H. (2014). Geomorphologie: eine Einführung (6., aktual). Ferdinand Schöningh.
Zhang, N., & Wang, Z. (2017). Review of soil thermal conductivity and predictive models. Interna-

tional Journal of Thermal Sciences, 117, 172–183. https://doi.org/10.1016/j.ijthermalsci.
2017.03.013

Zhang, T., Barry, R. G., Knowles, K., Heginbottom, J. A., & Brown, J. (1999). Statistics and
characteristics of permafrost and ground-ice distribution in the Northern Hemisphere.
Polar Geography, 23 (2), 132–154. https://doi.org/10.1080/10889379909377670

Zhang, T. (2005). Influence of the seasonal snow cover on the ground thermal regime: An overview.
Reviews of Geophysics, 43 (4), 26. https://doi.org/10.1029/2004RG000157

Zhang, T., Barry, R. G., Knowles, K., Ling, F., & Armstrong, R. L. (2003). Distribution of sea-
sonally and perennially frozen ground in the Northern Hemisphere. Proceedings of the 8th
International Conference on Permafrost, 2, 1289–1294.

92

https://doi.org/10.5194/tc-11-1311-2017
https://doi.org/10.5194/tc-11-1311-2017
https://doi.org/10.1016/j.ijthermalsci.2017.03.013
https://doi.org/10.1016/j.ijthermalsci.2017.03.013
https://doi.org/10.1080/10889379909377670
https://doi.org/10.1029/2004RG000157


A. Appendix

Table A.1: Count of UTL loggers per hydrological year for Huhh1, Huhh2, Huhh3
and moraine.
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A. Appendix

Table A.2: Count of measurement days and number of observations for regional
aggregation, Huhh1, Huhh2, Huhh3 and the moraine per hydrological year (part 1).
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A. Appendix

Table A.3: Count of measurement days and number of observations for regional
aggregation, Huhh1, Huhh2, Huhh3 and the moraine per hydrological year (part 2).
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A. Appendix

Table A.7: Mean BTS for each logger for four different time periods.
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A. Appendix

Table A.8: Mean BTS for each logger per hydrological year (part 1).
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A. Appendix

Table A.9: Mean BTS for each logger per hydrological year (part 2).
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A. Appendix

Table A.10: Mean SOD and HTIstart for each hydrological year, all loggers aggre-
gated.
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