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Abstract. Mountain permafrost is warming and thawing globally due to climate change. Its mechanical properties largely
depend on ground temperature, whereby the primary process of heat transfer in frozen ground is heat conduction. Thermal
diffusivity quantifies the rate of heat propagation in a material and is thereby a key thermal property, but no empirical values
for mountain permafrost substrates are currently available. In this study, we derive the thermal diffusivity of different mountain
permafrost landforms and substrates in the Swiss Alps empirically for the first time. To do so, we perform a linear regression
analysis of the heat diffusion equation and validate the derived thermal diffusivity with inversions of numerical and analytical
solutions. As a data basis, we systematically analyze data from the 29 temperature boreholes of the Swiss Permafrost Monitor-
ing Network PERMOS, which allows us to investigate the natural variability of thermal diffusivity in space and time and derive
a well-constrained range of thermal diffusivity in mountain permafrost (25- to 75-percentile range: 1.1 — 3.3mm? s~1) and the
overlying active layer (25- to 75-percentile range: 0.8 — 2.4mm? s~!). While we find only small but significant (p< 0.01)
differences in diffusivity between the landforms for all three approaches, strong spatio-temporal variations are identified. Our
results complement our understanding of the thermal properties of permafrost and thus directly offer potential implications for
the development and application of new ground temperature and energy-balance models. Furthermore, we discuss the potential
to indirectly identify short-term non-conductive heat fluxes by isolating discrepancies between observations and model pre-
dictions of temperature rate variations with time. The quantification of non-conductive heat fluxes is still poorly constrained
due to their strongly non-linear nature and the inherent challenges in their measurement. Non-conductive heat fluxes point to
the presence of water and/or air circulation in the permafrost. Water can significantly influence the mechanical properties of
permafrost substrates. The dynamics of unstable slopes are increasingly being driven by water infiltration related to ice loss
within the permafrost. Therefore, our method and results open new possibilities in permafrost science, hydrogeology, natural

hazard studies, and practical applications such as high-mountain construction technology.

1 Introduction

Permafrost is defined in purely thermal terms, irrespective of water and/or ice content or lithological composition. It is a nat-

ural substrate that remains at or below 0°C for at least two consecutive years (Muller, 1945). An active layer, a few meters of
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seasonally frozen and thawed ground, typically forms the interface between the permafrost and the atmosphere. The thermo-
dynamics of the active layer are complex, as this layer can consist of both bedrock and often a multiphase mixture (i.e., rock
of different sizes, ice, water, and air), whereby several processes, such as conductive, advective, and convective heat flows,
determine the energy balance (e.g., Hanson and Hoelzle, 2004; Scherler et al., 2014; Wicky and Hauck, 2017). The acting
heat exchange processes are strongly influenced by the site-specific physical properties of the rock itself but also by external
influencing factors such as the thickness of the snow cover, which has an insulating effect but also favors water infiltration
(Bonnaventure and Lamoureux, 2013). The heat balance of the inner core (permafrost body) is expected to be primarily con-
trolled by heat conduction (Haeberli et al., 2006). Here at depth, once water is present, the thermal regime of the permafrost
favors the formation and preservation of ground ice (Taber, 1930; Murton and French, 1994), unless the temperature is close
to 0°C (Bast et al., 2024), pressurized water flow occurs (Offer et al., 2024) or in the presence of fine-grained sediments (i.e.
clay) where unfrozen water contents can be high (Williams, 1964).

Permafrost reacts sensitively to climate-induced increasing air temperatures (IPCC, 2022) and is currently experiencing
strong warming, evidenced through a globally measured borehole temperature increase of 0.3°C between 2007 and 2016
(Biskaborn et al., 2019). The warming and thawing of permafrost can accelerate the release of large quantities of organic
carbon currently stored in high-latitude regions of the Earth, thus accelerating climate change (Schuur et al., 2015; Strauss
et al., 2024). In cold mountain areas, permafrost is abundant in rock slopes at high elevations within different landforms, such
as bedrock, talus slopes, and rock glaciers. Long-term temperature time series also show a sustained warming and active layer
thickening trend across the European Alps (Haberkorn et al., 2021; Pogliotti et al., 2023; Magnin et al., 2024). This warming
influences the mechanical properties of rock and ice in the ground (Krautblatter et al., 2013), alters physical rock matrix
properties (Draebing and Krautblatter, 2012), and affects the hydraulic regime in the rock mass (Haeberli et al., 1997). The
hydraulic permeability is much lower in rock masses with frozen and ice-filled fractures than in unfrozen ones, and perched
water often results in high pressure (Pogrebiskiy and Chernyshev, 1977). Still, water from the surface, either precipitation or
snow melt, can percolate through cracks into the active layer and advect heat to the ice level much more efficiently than is
possible via pure conduction, potentially forming thawing corridors (Krautblatter and Hauck, 2007; Magnin and Josnin, 2021).
However, apart from some rock glacier-specific studies (e.g., Cicoira et al., 2019b; Kenner et al., 2020; Cicoira et al., 2021;
Marcer et al., 2021; Phillips et al., 2023; Bast et al., 2024), minimal data about the presence and quantity of water in mountain
permafrost are available, and only a few in-situ measurements or laboratory experiments (e.g., Mellor, 1973; Hasler et al.,
2011; Draebing and Krautblatter, 2012; Jia et al., 2015) characterize the physical properties of frozen ground.

Generally, the ground’s thermal regime and thermodynamic behavior are mainly characterized by different processes such as
phase change, heat conduction (diffusion) or non-conductive heat transfer, and the material’s thermal properties. While thermal
diffusivity quantifies the rate of heat propagation in a material and, therefore, is the one petrophysical parameter relevant in
diffusive and stationary models (Yershov, 1998), arbitrary values are used and they are often assumed to be constant in time
and depth (e.g. Magnin et al., 2017; Marcer et al., 2024). To our knowledge, only limited site-specific, empirically derived

diffusivity values for the near-surface active layer are available (i.e., based on the analytical solutions of the heat conduction
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equation for data from Matterhorn and Aiguille du Midi, Pogliotti et al., 2008), but none at all for the underlying permafrost
nor any characterization of the spatio-temporal variation.

To address this gap, this study empirically derives thermal diffusivity in mountain permafrost in the Swiss Alps and charac-
terizes its natural variability in space and time for the first time. Based on the 29 borehole temperature time series of the Swiss
Permafrost Monitoring Network (PERMOS, 2024), we perform statistical analysis (Nicholson and Benn, 2013) and determine
the thermal diffusivity, i.e. the coefficient of the heat conduction equation (Eq. 3) through a simple Linear Regression Model
(sLRM) along the borehole temperature profiles at different depths and over time. In addition, we calculate the thermal diffu-
sivity by inverting both the numerical and analytical solution of the heat conduction equation (Cicoira et al., 2019a; Pogliotti
et al., 2008).

With these three mathematically independent methods, the systematic analysis of the PERMOS borehole temperature data
allows us to derive a well-constrained range for the thermal diffusivity values in mountain permafrost under natural conditions,
with specific values for bedrock, talus slopes, and ice-rich rock glaciers. On the one hand, they provide realistic boundary
conditions in space and time for any thermodynamical models for different mountain permafrost landforms. On the other,
they enable the investigation of non-conductive processes governed by thawing and/or water advection at any location with a
borehole equipped with temperature sensors. Given the one-dimensional heat conservation equation, we suggest identifying
the occurrence of short-term non-conductive heat fluxes — a proxy for water or air circulation — by comparing the observed
and modeled temperature changes over time and isolating spatio-temporal anomalies in the thermal diffusivity. Overall, the
three modeling approaches implemented in Python (Weber, 2024) represent the diffusivity in an arbitrary subsurface and are,

therefore, principally applicable to any borehole temperature profile, regardless of the ground material.

2 Data and methods
2.1 Borehole temperatures in mountain permafrost

We use the 29 PERMOS borehole temperature time series (PERMOS, 2024) to infer thermal diffusivities in mountain per-
mafrost in the Swiss Alps. The boreholes have a depth of between 14 and 100m and are located at 15 sites (see Fig. 1a),
which consist of the different landforms bedrock, talus slopes, and rock glaciers (see Fig. 1b). A detailed description of all
PERMOS boreholes is given in PERMOS (2019). This study uses the cleaned and daily aggregated data from the start of
measurement until 1 June 2023 (PERMOS, 2024). The data availability and the temporal evolution of the thermal regime at
the Murtel-Corvatsch 2015 borehole (COR_0315) is exemplarily illustrated in Figure 1c-d.

2.2 Quantifying thermal diffusivity

Heat transfer by conduction in solids describes thermal energy transfer through a medium with a temperature gradient. Changes

in heat conduction over time and in space can be expressed as (Fourier, 1822)

ar
E—K/v T, (1)
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Figure 1. (a) Map of Switzerland providing an overview of the 15 PERMOS field sites with three-character abbreviations and colors referring
to the type of landform. (b) A schematic visualization of three typical landforms: bedrock, talus slope, and rock glacier. As an illustrative
example, (c) temperature time series for selected depths, (d) temperature contour plot for entire depth, and (e) temperature profile at Murtel-
Corvatsch 2015 (COR_0315) borehole.
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where T is the perturbation of the temperature, V2 the Laplace operator and & the thermal diffusivity, i.e. the heat conduction
coefficient.

The essential thermal properties in the ground are the specific heat capacity ¢ [J kg~' K—!] describing the quantity of heat
needed to increase a unit mass (1kg) by 1K and the thermal conductivity k& [W m~! K~1] being a measure of how well a

material transfers heat. Thermal diffusivity £ [m? s~!] couples density p [kg m~3] with the aforementioned thermal properties

It measures the ability of a material to conduct thermal energy relative to its ability to store thermal energy and thereby
quantifies the rate of heat propagation in a material; in other words, it measures how quickly a material reacts to temperature
changes. Thermal diffusivity is thereby a key property as its influence on thermal behavior is essential for understanding and
predicting heat transfer processes. As each of these thermal properties (see Eq. 2) can vary with temperature, we expect apparent
variations in thermal diffusivity in mountain permafrost in space and time, for example due to changes in water content and the
physical state of water. Table 1 provides an overview of the thermal properties of the end-range elements and shows the great

variability that occurs in nature.

Table 1. Thermal properties of selected end-range elements, rock types, and minerals. (References: Blackwell and Steele, 1989; Clauser and

Huenges, 1995; Waples and Waples, 2004; Haigh, 2012; Labus and Labus, 2018; Jia et al., 2019)

Material Density Specific Thermal Thermal
heat capacity  conductivity  diffusivity

kgm™3 JgtKk™! Wm K™ mm? s *

Water 1000 4.184 0.6 0.14

Ice* 917 1.741-2.097 2.10-276  1.09-1.73
Air 1.2 1.006 0.02 16.57

Siltstone® 2680 0.91 0.80-1.25 0.33-0.51
Sandstone® 2640 0.775 250-420 1.22-2.05
Quartz® 2648 0.74 6.5-11.3 3.32-5.77
Granite® 2650 0.60 2.12-3.12 1.33-1.96

& The values for the specific heat capacity as well as the thermal conductivity of ice are
temperature-dependent and specified for temperatures at —50°C and 0°C, respectively. b Both
the values for the specific heat capacity and the thermal conductivity are sensitive to density but

also to moisture content.

Assuming that heat flows by conduction only in the vertical direction (i.e. perpendicular to the ground surface) and using the
resulting simplified heat conduction equation in the differential form (Carslaw and Jaeger, 1959)

oT 0T
ot H@a (3)
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we designed a suite of empirical models to quantify thermal diffusivity « in mountain permafrost solely through heat conduc-
tion. Convective/advective heat flows and phase changes are not included in this equation and are, therefore, not considered
in the proposed modeling approaches. Using temperature profile time series from boreholes, we perform statistical analysis
(simple Linear Regression Model, Nicholson and Benn, 2013) to infer thermal diffusivity (coefficient of the heat conduction
equation Eq. 3) and validate the results obtained through numerical modeling (Cicoira et al., 2019a) and analytical solution
(Pogliotti et al., 2008). In each modeling approach, iterating along the profiles, we consider three adjacent temperature sensors
and assign the derived thermal diffusivity values to the middle one. We apply different numerical techniques to the discrete

depth and temperature values to compute the first and second derivatives along the profile for each sensor: ‘g—f using the central

difference based on the depths of the neighboring sensors and taking into account the actual distances, and %ZZ by their finite

differences. While we perform statistical and numerical modeling for each sensor depth in a one-month window that iterates
by one day, we apply the analytical modeling approach only for each calendar year. The performance and representativeness
of the sSLRM and the numerical model are exemplarily illustrated in Figure 2, whereby both approaches fail during periods
characterized by phase change (e.g., during the spring and autumn zero curtains in the active layer) or non-conductive heat
fluxes (see Fig. A3, p. 20).

Statistical analysis For the statistical analysis, we considered the approach by Nicholson and Benn (2013) with parts of the
analysis code by Petersen (2022). At each middle sensor of three consecutive sensors along the profile, taking into
account the actual spacing and considering all data within the day-by-day iterating two-month window, we used a simple

Linear Regression Model (sLRM) between the temperature Laplacian (‘gg, second derivative of temperature with depth

between the upper and lower sensors) and the temperature change rate (%—Z, first derivative of temperatures with time
applied at the middle sensor) to determine the thermal diffusivity (i.e., heat conduction coefficient of Eq. 3) for the
depth of the middle sensor. The sensor and position errors do not influence the error associated with x as long as they
are constant over time, which is assumed to be the case (Conway and Rasmussen, 2000). In contrast to the multiple
linear regression model (mLRM) approach of Petersen et al. (2022) derived from the one-dimensional heat conservation
equation for the near-surface layer of debris-covered glaciers
oT 0ok OT  O°T

R — +K/7,

ot 0z 0z 022

——

neglected

“)

we neglect the first derivative of x with depth (%) and stick with sSLRM analysis since the variables %—Z and ‘?;ZZ strongly

correlate and therefore are not suitable for mLRM analysis. In comparison to Nicholson and Benn (2013) and Petersen
et al. (2022), we ensure that (1) there is no multicollinearity, (2) errors are independent, (3) residual errors are normally
distributed, and (4) homoscedasticity is present aiming to exclude violations of the assumptions for linear regression
by diagnostic plots (see Fig. Al, p. 18). We then only consider the valid regression models for further analysis with a

significance level of p < 0.01.



135

140

145

150

155

160

https://doi.org/10.5194/egusphere-2024-2652
Preprint. Discussion started: 15 October 2024 EG U h
© Author(s) 2024. CC BY 4.0 License. spnere

Numerical model For the numerical modeling, we inverted the approach of Cicoira et al. (2019a) and solved a minimum
problem between the modeled and observed temperatures. For all three neighboring sensors, we use the temperature
measurement time series of the lower and upper sensors in the corresponding time window to model the temperature at
the sensor in the middle. The initial condition is prescribed from the measured vertical temperature profile at the first
time step of the simulation within the given time window. We perform this numerical modeling 201 times using different

kappa values ranging from 0 — 20mm? s~!

with a resolution of 0.1 for each run. The temporal resolution of the model,
determined by the temporal resolution of the temperature time series, is 1day, and the vertical resolution depends on
the spacing but is limited to a minimum of 0.1 m. Comparing the numerically modeled temperature with the measured
temperature at the middle sensor within the given time window, we iteratively approach the most representative value for
thermal diffusivity by minimizing the RMSE (Root Mean Square Error) between the modeled and observed temperature
time series at the mean sensor until the incremental difference is less than 0.1% or the mathematical minimum is reached

and ensure that the normalized RMSE is < 0.05 (see Fig. A2, p. 19).

Analytical solution For the analytical solution of the heat conduction equation and the explicit calculation of the heat conduc-
tion, we followed Pogliotti et al. (2008). We assumed that annual temperature variation at any depth is sinusoidal, i.e.,
that conduction dominates. We then inverted the thermal diffusivity at the middle sensor of three adjacent sensors using
the temperature time series from the upper and lower sensors (Horton et al., 1983; Matsuoka, 1994)

2
m Z1 — 22

K= ln(ﬁ) , ®)

Az

where P (s) is the period of one complete harmonic oscillation (27, corresponding to 365 days), A; and As are the

amplitude of the temperature waves (°C) at depths z; and z2 (m), the upper and lower sensor out of the adjacent three.

3 Results and Interpretation
3.1 Murtel-Corvatsch 2015 borehole as an illustrative example

While we apply our methods to all boreholes in the PERMOS database, we use the Murtel-Corvatsch 2015 borehole (see
’COR_0315’ in Fig. 1) as an illustrative example in Figure 2. The performance and representativeness of the derived thermal
diffusivity applying the SLRM and numerical model are exemplified for a depth of 3.5m and within the time window from
14 January to 14 February 2016. The statistical model fulfills all assumptions of the SLRM in this time window (see diagnostic
plots in Fig. A1, p. 18) and provides an estimated thermal diffusivity of 1.12mm?s~! with a high coefficient of determination
(R? = 0.86) as well as a low p-value (< 0.001; Fig. 2a). A direct comparison between the observations on the horizontal axis
with the SLRM output on the vertical axis with the model mean prediction and the 95% prediction band highlights a significant
representativeness (Fig. 2b). The numerical solution provides a higher diffusivity value of 3.9mm?s~! (yellow line in Fig. 2c)

with a highly significant representativeness (Fig. 2d). Selected time windows in Figure A3 show the poor performance of
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Figure 2. Modeling thermal diffusivity at the Murtel-Corvatsch 2015 borehole. Performance and representativeness of the sSLRM (a+b) and

the numerical model (c+d) at 3.5m depth and in the 1-month time window from 14 January to 14 February 2016.

the two approaches (sSLRM in panels a-c and numerical model in panels d-f) when phase changes (panels a-b and d-e) or

non-conductive heat flows (panels c+f) occur. This behavior results in the estimated diffusivity values being automatically

omitted.
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Figure 3. The multi-year time series of thermal diffusivity, derived through linear regression analysis of the heat conduction equation and
inversions of numerical and analytical solutions for the Murtel-Corvatsch 2015 borehole at 4.5m depth. Annual means for the statistical and

numerical models are not shown due to their incomplete time series.

We also observe strong temporal variations in thermal diffusivity with distinct seasonal patterns (see Fig. 3), where the
pattern of SLRM and numerical model have a similar course. The thermal diffusivity could be successfully determined in
considerably more time windows using numerical modeling (2134 from 2680 windows) compared to SLRM (809 from 2680
windows). Due to the deviating pattern between time series of temperature (Fig. 1¢) and thermal diffusivity (Fig. 3), we assume
that the cause of the fluctuations in thermal diffusivity despite sustained temperatures below 0°C is a change in the physical
state of the water and thus a change in the water/ice ratio.

The thermal diffusivity values along the borehole profile for the complete time series derived by all three modeling ap-
proaches are shown in Figure 4. While the valid « values of statistical and numerical modeling are visualized with boxplots,
the median values with median absolute deviation are shown for the analytical modeling. There is great variability in thermal

diffusivity in the active layer (down to a depth of around 3.5m), while the statistical and numerical modeling shows a better
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Figure 4. Thermal diffusivity values along the Murtel-Corvatsch 2015 (COR_0315) borehole profile were derived from all three modeling

approaches. The area marked in gray indicates the depth range of the permafrost table over the entire time series.

agreement in the permafrost except at a depth of 6 m. At greater depths (not visualized in Fig. 4), the modeling either fails or
loses its statistical significance because the temperature amplitude becomes too small and the measurement uncertainty is of a
similar order of magnitude (see discussion). The analytical modeling fits well in the upper part of the permafrost, but the devi-
ation increases considerably with depth. While the large statistical variance in the active layer is caused by annual fluctuations
in thermal diffusivity and non-conductive heat fluxes (such as heat advection due to water percolating into the ground), the

deviation of the analytical solution with depth can be explained by the strong decreasing annual amplitude.
3.2 Synthetic overview of the systematic analysis

In this section, we synthesize the results of the three modeling approaches for all the PERMOS temperature boreholes, cat-
egorized according to the landform documented in the PERMOS metadata (PERMOS, 2024). Distinguishing between the
near-surface layer (active layer or freeze/thaw layer) and the area below (permafrost or year-round unfrozen zones), the valid
K values of statistical analysis and numerical modeling are visualized with boxplots for all boreholes in Figure 5a+b, comple-
mented by the median values with the mean absolute deviation of the analytical modeling. Value ranges of the medians and the
5- to 95-percentile ranges are given below for each landform and each modeling approach. While numerical modeling exhibits
larger variances and inter-quantile ranges (IQR) than statistical modeling in the permafrost zone, we observe an opposite but
weaker pattern in the active layer. Furthermore, apparent differences and strong scattering can be seen in the 5- to 95-percentile
ranges across all landforms and modeling approaches.

Across all modeling approaches and landforms, these results indicate typical thermal diffusivity values in the 25- to 75-

percentile range of 1.1 — 3.3mm? s~ for permafrost and 0.8 — 2.4mm? s~! for the overlying active layer. There is no overall

10
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Figure 5. Modeled thermal diffusivity sorted by landform for the active layer (a) and the permafrost body (b). While all PERMOS boreholes
are illustrated in the boxplot panels, boreholes that do not directly measure permafrost (GEM_0106, GEM_0106 (S), MUR_0199) and

another borehole due to its exceptional orientation with lateral heat conduction (JFJ_0195) are excluded from the statistical description.
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Figure 6. Thermal diffusivity values of all PERMOS boreholes but JFJ_0195 grouped by ground conditions and sorted by landform derived

by (a) sSLRM analysis, (b) numerical modeling, and (c) analytical solution of the heat conduction equation.

valid pattern of thermal diffusivity as a function of landform or thermal ground conditions (see Fig. 6), although landforms
differ greatly in their composition. Considering only the thermal ground condition active layer and permafrost (sites with
permafrost, see left part of Fig. 6), there is a small but significant difference (Mann-Whitney-U-Test p< 0.01) in thermal
diffusivity between the landforms for all three approaches. Looking at the statistical analysis and numerical modeling, the
ascending order of landforms by thermal diffusivity is bedrock - talus slope - rock glacier in the permafrost and rock glacier
- talus slope - bedrock in the active layer. In comparison, distinctly different values were only found in year-round unfrozen
zones at locations without permafrost. The difference between bedrock (only borehole GEM_0106) and rock glaciers (only
borehole MUR_0199) in this thermal group is also evident, but also with remarkable variances and inter-quantile ranges most

likely due to a small number of considered windows.
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4 Discussion
4.1 Approaches to empirically quantify thermal diffusivity

This study presents a systematic analysis of thermal diffusivity in mountain permafrost, applying three independent modeling
approaches, and thereby provides for the first time a well-constrained range of empirically derived thermal diffusivity values of
mountain permafrost (25- to 75-percentile range: 1.1 — 3.3mm? s~1). For all 29 PERMOS temperature boreholes, we success-
fully quantify the thermal diffusivity at different depths along the profile and over time using simple linear regression analysis
(sLRM), numerical modeling, and analytical solution of the heat conduction equation. Overall, thermal diffusivity variability
decreases with depth unless there is a non-conductive heat flux. While the ground temperature, which is characterized by sea-
sonal fluctuations and phase change resulting in varying water/ice ratios, and the associated thermal diffusivity in the active
layer vary strongly, the signal tends to approximate thermal conductivity conditions in the permafrost body, with less scatter
but still with strong seasonal evolution (see Fig. 7a+b). The temperature variations become too small below a certain threshold
depth, typically around 8 — 15m, and the analysis loses its statistical significance.

All three applied modeling approaches assume a conductive heat exchange along the temperature profile and homoge-
neous material properties between the three neighboring sensors. For the 1D heat conduction equation, the SLRM is relatively
straightforward to implement and requires less computational resources than the numerical solutions. The analytical model
is also computationally efficient and is particularly useful for quick estimations. Still, it relies on simplifying assumptions to
derive closed-form solutions of the mathematical equation describing the diffusivity. In nature, conductive heat exchange is
highly variable and sometimes superimposed by other heat transfer processes. The validity and the quality of the results of
all three modeling approaches are determined by (i) the occurrence of non-conductive processes, (ii) measurement constraints
such as the accuracy of the temperature data or the depth of the thermistors, and (iii) analysis parameters such as the window
size of the points considered.

The sLRM is the most applicable modeling approach for empirically quantifying thermal diffusivity in cold regions where
phase changes are suspected (Williams and Smith, 1991; Nicholson and Benn, 2013), since the temperature rate (%—Z) is essen-
tially zero and therefore no valid regression analysis with temperature Laplacian (6827{) is possible. Despite specific differences
between the outputs of the three approaches, the range of thermal diffusivity values derived with SLRM could successfully be
validated with the numerical modeling and the analytical solution (see Fig. 5 or additional validation based on thermal diffu-
sivity values grouped by thermal ground conditions and sorted by landform is given in Fig. 6). This validation demonstrates
the strong performance of the simple Linear Regression Model (SLRM), as we observed a consistent agreement between the
derived diffusivity values, with deviations typically limited to a factor of 2. However, the SLRM additionally depends on the
first derivative with respect to time (temperature rate) and the second derivative with respect to depth (temperature Laplacian).
These become smaller and smaller with depth, whereby the signal decreases or is even lost with increasing depth. Therefore,
the assumptions for the linear regression’s validity are checked for each application, and the results are discarded if violated.

Nevertheless, the SLRM also fails if not enough measuring points are characterized by pure conductive heat exchange. How-
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ever, this does not necessarily mean that advective heat flux is present or even dominates, as phase change also influences the
temperature profiles and, thus, the model performance.

Overall, the thermal diffusivity time series derived from numerical modeling tends to be more complete but needs to be in-
terpreted carefully when the temperature amplitude is getting small and the derived diffusivity values change rapidly or scatter.
While the sSLRM approach dispenses with windows with outliers, as the regression assumptions are violated, the numerical
modeling can principally result in slightly too high values in isolated time windows with short-term advective heat flows, as
the numerical solution attempts to approximate the non-conductive temperature curve with conductive heat transport - Fig-
ure A3 shows that such time windows are usually discarded. Nonetheless, we recommend considering the results of the three

approaches in combination and, if applicable, considering time windows and depths with matching values for further analyses.
4.2 On the potential to identify non-conductive heat fluxes

The occurrence of permafrost strongly influences the hydraulic properties in a rock mass (Pogrebiskiy and Chernyshev, 1977,
Haeberli et al., 1997). The hydraulic permeability, for example, is much lower in rock masses with frozen and ice-filled fractures
than in unfrozen ones (Pogrebiskiy and Chernyshev, 1977), where ice plugs can prevent water percolation to greater depths,
leading to lateral/surface runoff (Hasler et al., 2011). Rock masses at several degrees below 0°C are sensitive to percolating
water (Stdhli et al., 1996; Boike et al., 1998; Scherler et al., 2010). For instance, rapid water percolation through wide fractures
results in minimal heat exchange along the flowing path within the unsaturated zone and thereby increases the efficiency of
the advective heat transfer to the ice level at depth in fractures (Hasler et al., 2011), similar to observations in the talus (Rist
and Phillips, 2005). This effect leads to a heat transport shortcut between the surface (or atmosphere) and the plugging ice
level. Non-conductive heat fluxes, such as heat advection by deep water infiltration, are of particular interest as they can lead
to accelerated warming of the ground, which can cause several problems, for example, inducing deep-seated slope instabilities
or complicating construction work.

There are only a few observations of water fluxes in permafrost. Still, these can change rapidly over time due to the thickening
of the active layer, warming of the permafrost, melting of the ground ice, formation of talik, and related modification in
permeability (Zenklusen Mutter and Phillips, 2012; Haberkorn et al., 2021; Smith et al., 2022). So far, efforts have been made
to detect non-conductive heat fluxes in mountain permafrost, aiming to determine the timing, depth, and duration. Among
others, anomalies in spectral analysis of temperature time series (Hinkel and Outcalt, 1993; Hasler, 2011), simulations with
different heat sources and sinks (Luethi et al., 2017), temperature contour plots showing flags in the 0°C isotherm (e.g., Luethi
and Phillips, 2016), or outliers and jumps in the temperature time series (Phillips et al., 2016; Offer et al., 2024) appear to be
promising indicators for non-conductive heat fluxes. However, there are only qualitative indications based on manual selection.

The time-depths-thermal diffusivity plot and a depth profile with thermal diffusivity boxplots for the top 15 m of the Murtel-
Corvatsch 2015 borehole are shown in Figure 7a+b indicating substantial variability over time and with depth. Although
thermal diffusivity changes in space and time, we can indirectly identify short-term periods with non-conductive processes:
First, we combine observed temperature rates (07 /t, dots colored by month) with the 95% prediction band (gray area) of the

sLRM over time (see Fig. 7c) and across the temperature Laplacian (see Fig. 7e). Then, we select periods with observations

14



270

275

https://doi.org/10.5194/egusphere-2024-2652
Preprint. Discussion started: 15 October 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

e 0.0
2.5 ~
3
4
E 0 3
£ 715 )
5 3
8 10.0 1 2
n
12.5 A A
15.0 T T T T T T T 15.0 T T T
2017 2018 2019 2020 2021 2022 2023 0 2 4 6 €
Year Kappa (mm? s™1)
] O pxg 027 May 2017
~ 0.50 | - 5.0 { May 5.0 PN
— . /1 H Teeel
| | | p
G 4 ‘ 2.5 ‘: w25 : h
g 025 \ \ Q ". g E
= 0.00 — 0.0 Pt | o 2 0.0 {mem=mm=="
3 ¢ o =« S 7 ' 16) 3 Q 29 May 2017
= -0.25 4 u ; U 25 L =-2.5 - 2
o 1 o i
—0.50 50 ® 50 & 28 May 2017
T T T T T T T T T
2017 2018 2019 2020 2021 2022 2023 0.0 0.5
Year 8°T/8z% (K m~2)

Figure 7. Thermal diffusivity values, derived through linear regression analysis of the heat conduction equation for the Murtel-Corvatsch
2015 borehole. For the top 15m, (a) shows the time-depths-thermal diffusivity plot and (b) a profile with boxplots of all diffusivity values
for each depth instrumented with a thermistor. (c) The temperature rate at 6 m depth for the entire time series (yellow area from 23-31 May
is shown in (d) with different y-scale) and (e) a temperature-rate/temperature-Laplacian scatter combining observations (colored by month)
and the 95% prediction bands of all valid linear regression models (a gray area with large scattering due to seasonal evolution) that can be

used to identify outliers and, thus, the occurrence of non-conductive processes.

that show a significant deviation from the 9T/t zero line to exclude periods determined by phase changes. Finally, we
isolate observations that lie outside the model prediction band, such as 27-29 May 2017 (see Fig. 7d+e), and interpret them as
temporary periods governed by non-conductive processes.

We consider and analyze several sensor depths together to gain more confidence in this approach and rule out measurement
inaccuracies and errors. Figure 8, showing the temperature rates and the 95% prediction ranges of all valid linear regression
models for different depths, is further evidence that non-conductive heat transport processes characterize the period from 26 to
29 May 2017. We identified the anomalies, most likely caused by snowmelt from the surface, simultaneously at four different
depths from 4 to 6 m but not at the underlying thermistor at 8m depth. A technical problem can be ruled out, as only certain
depths show such anomalies for a short period of time. These identified non-conductive heat flow periods agree well with
recently published studies on the presence and influence of water at this site (e.g., Cicoira et al., 2019a; Amschwand et al.,

2023).
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Figure 8. Temperature rates for the entire time series with zoom on 23-31 May (yellow area) and a temperature-rate/temperature-Laplacian

scatter with observations (colored by month) and the prediction ranges of all valid linear regression models for different depths along the
Murtel-Corvatsch 2015 (COR_0315) borehole.
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4.3 Thermo-mechanical response to climate change

Even for studies without boreholes, the well-constrained range of thermal diffusivity values and their annual course directly
benefit a variety of models, including those for ground temperature distributions, either as input parameters or for validation.
However, no general seasonal pattern for different sites and depths could be identified. If a borehole with temperature sensors
exists, regardless of the ground material, the three proposed approaches to estimating diffusive heat exchange can principally
be applied providing site- and depth-specific time-series of thermal diffusivity. As thermal diffusivity depends on the thermal
material properties, the site-specific thermal diffusivity time series at different depths can either be used for energy balance
models by coupling solar radiation measurements with heat conduction or to get valuable insights into the temporal evolution
of the thermal regime. This evolution can potentially be linked to changes in water content or the physical state of water and
the related water/ice ratio. Therefore, site-specific seasonal patterns and possible shifts or alterations in shape can be a valuable
addition to other prospecting methods to track changes in ground composition/properties.

The latter is a prerequisite for reliable thermo-mechanical stability analysis and modeling in a changing climate as many
mechanical properties and processes depend on temperature, the increasing occurrence of liquid water due to phase change
of present ice and/or the formation of ice. Cohesive rock bridges can for example be destroyed by reducing compressive and
tensile strength during the thawing of saturated rock (Mellor, 1973) or reaching the fatigue life through periodic loading of
discontinuities due to thermo-mechanical effects (Jia et al., 2015; Murton et al., 2016). Warming also affects the rock-ice
mechanics of permafrost rock slopes (Krautblatter et al., 2013) and indirectly also controls the cohesion and friction in ice-
filled discontinuities leading to a decrease in shear resistance (Mamot et al., 2018). The frequently observed exposure of ice
and outflow of water in the scarps after rock slope failures support the theory of an increase in rock slope destabilization due to
changing thermal and hydrologic conditions in mountain permafrost; for instance, observed at Kolka-Karmadon (Huggel et al.,
2005), Mt Steller (Huggel, 2009), Matterhorn (Weber et al., 2019), or Piz Kesch (Phillips et al., 2017).

5 Conclusions

The systematic analysis of the PERMOS borehole temperature data, with three independent models, allows us to derive a
well-constrained range for the thermal diffusivity in mountain permafrost with different landforms such as bedrock, talus
slopes, and rock glaciers. These values and their annual course directly benefit a variety of models, among others, for ground
temperature distributions or energy balance estimates, even in the absence of boreholes either for calibration or validation.
In addition to such direct applications, for locations with temperature boreholes, we have established an indirect approach to
empirically identify and investigate non-conductive processes driven by thawing and/or water advection by isolating spatial and
temporal anomalies in thermal diffusivity. Further development of this approach, considering seasonal variability (see Fig. 7a),
will allow us to quantify the non-conductive heat flux. This study thereby represents the basis for investigating mountain
permafrost slopes’ thermal and mechanical behavior. For example, the site-specific ratio of available energy dissipated through
turbulent fluxes can be estimated by combining heat conduction, which can be calculated based on thermal diffusivity and

borehole temperature data, with net radiation measurements. Finally, the three approaches to model diffusive heat exchange
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presented and the Python module (Weber, 2024) developed can be applied to any temperature profile in the ground, regardless

of the material.

Code and data availability. The processed and quality-controlled borehole temperature data set used for this study originates from the Swiss
Permafrost Monitoring Network (PERMOS, 2024). The analysis code with the implementation of the three modeling approaches is written

in Python 3 and will be published on Zenodo before the final publication of this manuscript (Weber, 2024).

Appendix A: Visualization of the methodological approach

This appendix provides (i) examples of a diagnostic diagram to check the assumptions for linear regression analysis (Fig. A1),
(ii) the most representative thermal diffusivity value for numerical modeling (Fig. A2), and (iii) the performance of statistical

analysis and numerical modeling when phase changes or non-conductive heat fluxes occur (Fig. A3).
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Figure A1. Diagnostic plots to prove the assumptions for linear regression analysis between IV (independent variable) and DV (dependent
variable) — as an illustrative example the Murtel-Corvatsch 2015 (COR_0315) borehole at a depth of 3.5 m and within the time window from
14 January to 14 February 2016. (a) Proof that predictors are distributed normally. (b) Proof the linear relation between the DV and the IV.
(c) Proof the normality of the residual errors to confirm that both datasets (DV and IV) have a common distribution: All point of quantiles
should lie on or close to straight line with a gradient of 1. (d) Proof the homoscedasticity (or equal variance) of residuals: Spread of the

residuals from the linear regression model should be homogeneous or equal spaces.
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Figure A2. Iterative approximation to the most representative value for the thermal diffusivity by minimizing the RMSE (Root Mean Square
Error; solid black line) between the modeled and the observed temperature time series until the incremental difference is less than 0.1%
(dotted blue line) or the mathematical minimum (dashed orange line) is reached — as an illustrative example the Murtel-Corvatsch 2015

(COR_0315) borehole at a depth of 3.5m and within the time window from 14 January to 14 February 2016.
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Figure A3. Exemplary 1-month time windows at the Murtel-Corvatsch 2015 borehole show that the SLRM (a-c) and the numerical model

(d-f) approaches fail during periods characterized by phase change (a-b and d-e) or non-conductive heat fluxes (c and f).
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