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Abstract

Mountain permafrost, constituting 30% of the global permafrost area, is highly sensitive to climate
change and strongly influences mountain ecosystems and communities. This study quantifies 21%
century mountain permafrost warming by compiling a quality-controlled permafrost temperature data
set obtained in sixty boreholes at monitoring sites in European mountains. Each time series spans one
to three decades, enabling a comprehensive assessment of mountain permafrost warming patterns in
Europe, from the Alps, across Scandinavia to Svalbard in the high Arctic. We find consistent permafrost
warming patterns across, all observed sites, depths and time periods. For the early 21st century, warming
rates at 10 and 20 meters depth exceeded 1 °C per decade in cases, and are generally higher than
previously reported as a result of both, accelerated warming and a more comprehensive data set.
Substantial warming notably occurs at cold and ice-poor bedrock sites at both high latitudes and high

elevations, with the permafrost warming rates being comparable to warming rates of air temperature.
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For ice-rich sites close to the melting point instead, latent heat effects reduce temperature changes, thus

obscuring important changes ongoing in ice-rich permafrost substrates.

1. Introduction

While the 21% century retreat of glaciers has garnered significant attention 12, permafrost worldwide has
undergone widespread and persistent but less visible changes *2. Permafrost is a key component of the
cryosphere and is recognized as an Essential Climate Variable of the Global Climate Observation
System 23, It is defined on a thermal and temporal basis as ground with a maximum temperature of 0
°C for at least two consecutive years. Mountain permafrost, constituting 30% of the global permafrost
area *1° spans low to high latitudes in both hemispheres and all continents. Complex mountain
topography leads to a high spatial variability and large environmental gradients in these areas, thus
controlling the permafrost distribution &9+ 617 Mountain permafrost is highly sensitive to the
pronounced atmospheric warming observed at high elevations 8. This warming and degradation of
permafrost has implications for the stability of steep, perennially frozen mountain slopes *% with
potential impacts and risks to both human safety 2628 and infrastructure 2°, as well as effects on

ecosystems 32 or hydrological processes 3+2¢.

The monitoring and assessment of permafrost changes in polar and high-mountain regions relies on
long-term records of ground temperatures measured in boreholes 3*°, Near surface ground temperatures
fluctuate in response to changes in atmospheric conditions. These variations are increasingly attenuated
and delayed with depth. At the so-called Depth of Zero Annual Amplitude (DZAA), seasonal
temperature changes become negligible and their variations follow long-term climate-related changes.
For the period 2007-2016, Biskaborn et al. 2 reported global permafrost warming at the DZAA of 0.29
°C dec* and of 0.19 °C dec* for mountain regions. The 40 mountain permafrost sites included in that
study (of which about half were in Europe) were considered in a lumped manner, i.e. without accounting
for the high variability in topographic and ground ice conditions and, consequently, in the rates of
permafrost warming. Regional or local studies on changes in mountain permafrost point to these
differences 114042 However, they are typically restricted to single sites or regions, and are not directly

comparable due to differences in the considered time periods, observation methods, or recording depths.

Systematic research on permafrost in mountain regions began in the late 1970s &9~ 43-45.for a review see 46
driven by tourism and infrastructure development in the European mountains, where the most densely
populated permafrost landscapes are found. The growing demand for knowledge about permafrost
distribution and related processes prompted the rapid development of research in that environment. The
60 m deep borehole drilled in 1987 at Murtel-Corvatsch rock glacier, Swiss Alps, provides the longest
time series of permafrost temperatures in Europe "8, Climate-related permafrost monitoring in the
European mountains was initiated in the late 1990s, with a borehole transect from High-Arctic Svalbard

to the Mediterranean Sierra Nevada Mountains (PACE, Permafrost and Climate in Europe) .
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Although several national and regional permafrost observation programs have been established since
then 50-° and although activities in the framework of the Global Terrestrial Network for Permafrost
increased ¥, there is no Europe-wide coordination of permafrost data to date. Many time series are thus

held by regional offices or individual researchers.

For an extended and consistent analysis of permafrost warming pattern across European mountains, we
compiled a distinct data set of 60 temperature time series measured in boreholes in or next to permafrost
area. The data set covers sites representing typical landforms found in mountain permafrost from the
Sierra Nevada and Alps to Scandinavia and high Arctic Svalbard (Fig. 1) and includes time series that
cover at least one decade and that reach a depth of 10 m or more. Data are consistently aggregated to
mean annual ground temperatures (MAGT), which are then used to derive temperature change rates for
decadal or 20-year periods. To assess the spatial and temporal variability of warming patterns, we
consider running mean temperature change rates, as well as a classification by depth ranges, permafrost
conditions, ground ice content, and surface cover. We find evidence for permafrost warming across all
European mountain regions, depths, time spans and periods considered. Differences in the observed
warming patterns depend primarily on the amount of exchanged latent heat, which can significantly
reduce temperature change rates in frozen ground due to phase change, as well as on the depth range.
Warming rates are highest in the uppermost 10 meters, at cold permafrost sites, and at sites with low
ground ice content (i.e. in bedrock) where effects of latent heat are largely absent. Here, warming rates
are comparable or higher in their magnitude to non-permafrost ground or surface air temperature (SAT).
With increasing ground ice content and ground temperatures towards 0°C, warming rates decrease to
very small values. For these sites, temperature measurements do not reveal the ongoing changes. The
observed patterns prove robust across all depths, time spans and periods considered, surpassing regional

differences in prominence.

Permafrost warming is a relatively slow yet inexorable process. The higher warming observed in the
upper decameter of the ground, points to a significant increase in thermal disequilibrium. The future
propagation of these changes to greater depths is largely predetermined already. Our study underlines
the significance of maintaining uninterrupted long records of permafrost temperatures for the assessment
of climate change impacts. Further efforts to ensure the systematic and sustained acquisition, curation
and public dissemination of long-term permafrost records need thus to be endorsed at both national and

international levels.
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107  Figure 1. Overview of the location of the borehole sites in European mountain regions where long permafrost temperature
108 time series are obtained from Svalbard to the Sierra Nevada. A zoom on the Alpine Arc is given at the lower right. Each site is
109  shown as one point with the size indicating the number of boreholes. The color indicates the general ground ice content (cf.
110  Table 1). To the right, impressions of several sites are shown to highlight the variable characteristics. Data sources: the
111  permafrost zones are based on Obu et al (2019) *°, background topography is from the GMTED2010, country outlines are
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taken from Eurostat (@EuroGraphics and UN-FAQ), glacier outlines for Svalbard are from GLIMS and NSIDC (2018). Photos
show the sites Janssonhaugen (A), Iskoras (B), Dovrefjell (C), Murtél-Corvatsch (D), Schilthorn (E), and Aiguille du Midi (F)
and were taken by K. Isaksen (A-C), J. Noetzli (D), A. Hasler (E), and S. Gruber (F).

2. Results

2.1 Measured permafrost temperatures in European mountains

The data set used in this study includes 60 ground temperature time series measured in boreholes in
mountain permafrost regions in Europe, i.e. Sierra Nevada, the Alps, Scandinavia as well as Svalbard
(cf. Supplementary material, Figs. S1 and S2, Table 1). Data from other European mountain regions,
such as the Pyrenees or Greenland, were not accessible. The collected data are measured at 35 sites
between 37 and 78° N and at elevations between 275 and 3800 m asl. in 8 countries (Fig. 1). Two
boreholes are situated on Svalbard, 13 in Scandinavia (NO, SE), 15 in the Central and Eastern Alps (CH,
IT, DE, AT), 29 in the Western Alps (FR, IT, CH) and one in the Sierra Nevada (SP). Sites are located
in typical landforms found in mountain permafrost such as talus or bedrock slopes, crests or plateau
blockfields, in rock glaciers, or moraines. The longest time series, started in 1988, covers 35 years and
is measured in rock glacier Murtél-Corvatsch/CH. Four time series from the Western and Central Alps

just cover a decade (Fig. 2).

Permafrost temperatures recorded in European mountains range from cold permafrost, with MAGT at
10 m depth as low as —6.2 °C for sites at the highest elevations and latitudes, to degrading permafrost,
with temperatures at or just below 0 °C (Fig. 2). Cold permafrost with MAGT below —4 °C is found at
elevated places in Svalbard (Breinosa, Janssonhaugen) as well as in North-facing bedrock slopes at
elevations above 3500 m asl. in the Western Alps (Jungfrau Ridge, Aiguille du Midi). Surface MAGTs
of less than —12 °C have been measured on northern slopes in the Western Alps at elevations well above
4000 m asl. (Pogliotti et al. 2023). However, long-term observations at depth from such locations are
not available to date. Degrading permafrost with temperatures close to 0 °C is found in all parts of the
Alps as well as on the Scandinavian mainland, mainly in ice-bearing talus slopes at elevations around
2500 m asl. or in blockfields (for example at Bellecombes, Gentianes, Les Attelas, Schilthorn,
Schafberg, Dovrefjell, Tron, Iskoras). Permafrost temperatures in the Central and Eastern Alps do not
reach as low as in the Western Alps, which is due to the lower mountains in these regions and the lack
of observations > 3000 m asl. rather than to climatic differences. Eight of the sixty borehole time series
(13%) are not measured in but just next to permafrost for their entire profile and observation period (all
MAGT >0 °C). At these non-permafrost sites, MAGT range up to >3 °C (Veleta Peak in the Sierra
Nevada/SP and south-exposed bedrock ridge at Gemsstock/CH).

41 of the 53 time series (77%) with available MAGT data at 10 m depth for one of the past three years
(2020-2022) reached their maximum value in these three years (Fig. 2). Similarly, 26 time series out of

35 (74%) reached their maximum at 20 m depth in one of the same years. However, the two sites on
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Svalbard (the coldest time series in Fig. 2a) experienced their maximum before 2020 due to the
extremely warm years 2016-2018. MAGT at 10 m depth increased to above 0 °C during the

measurement period for 9 borehole time series (17%).
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Figure 2. Sixty records of mean annual ground temperatures (MAGT) obtained in European mountain permafrost at
approximately 10 m depth and covering at least one decade: Svalbard and Scandinavia (a, sites in Spitsbergen on Svalbard,
mainland Norway, and Sweden), Central and Eastern Alps (b, sites in Central and Eastern Switzerland, North-eastern Italy,
Germany and Austria), and Western Alps (b, sites in France, Western Switzerland and North-western Italy and including the
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site in the Spanish Sierra Nevada). All available time series are shown in grey for comparison. The circles indicate the

156  maximum MAGT of each time series.
157 2.2 Permafrost warming rates
158 Temperature change rates at 10 m depth for the period 2013-2022 (or for the latest decade with data
159 available ending in the past 5 years for 9 boreholes) range from —0.10 to 1.77 °C dec (Table 1, n=55).
160 The mean warming rate for sites where permafrost is present at this depth for all or part of the decade is
161  0.42 °C dec* (n=47, median 0.39 °C dec?) with a standard error of 0.05 °C dec. For 45% of the
162  permafrost time series, the warming rate is larger than 0.5 °C dec*. Highest warming rates above 0.7
163  °Cdec*are typically measured in bedrock slopes and where permafrost is cold or absent. Also, in debris
164  slopes where permafrost has degraded during the ten-year period, warming rates can be high: the highest
165 warming rate of 1.77 °C dec* was observed for Dovrefjell DB6 in southern Norway. Warming rates
166  smaller than 0.5 °C are typically observed in ice-bearing talus slopes and blockfields or in rock glaciers.
167 Cooling rates were obtained for 4 locations in ice-bearing talus slopes or blockfields. Cooling rates are,
168  however, smaller than 0.1 °C dec™ at 10 m and smaller than 0.2 °C dec* at 20 m depth.
169 At lower depth and for a longer time period, permafrost warming rates are lower: they range up to 0.71
170  °C dec? for 2013-2022 at 20 m depth (mean 0.24 °C dec! ; n=33) and up to 0.85 °C dec™ for 2003
171 2022 at 10 m depth (mean 0.39 °C dec ™ ; n=16). This shows a delayed propagation of the recent warming
172  to greater depths, related to slow heat conduction processes. For the time period 2007-2016, the global-
173  scale analysis by Biskaborn et al. 2 found an average warming rate of 0.19 °C dec™ at the DZAA, while
174  we obtain a mean warming rate of 0.42 °C decat a depth of 10 m (n=22) and of 0.24 °C dec* at 20 m
175  depth (n=20). Calculating the warming rate for the same group of time series and the period 2013-2022,
176  results in 0.43 and 0.26 °C dec™* for 10 and 20 m depth, respectively.
177  Table 1. Boreholes in European mountains in or close to permafrost area together with key meta information and calculated
178  2013-2022 decadal warming rates at 10 m depth. If the time series did not extend to 2022, the latest available decadal period
179  (ending no later than 2018) was considered (*). The number (n) of mean annual ground temperature (MAGT) values available
180 to compute the warming rate is given together with a coefficient of determination (R2). The color coding helps in discerning
181  the magnitude of the warming rate. “Start” relates to the first year of the time series, “Dep” denotes the total depth of the
182  borehole, “Lat” the latitude and “Ele” the elevation. MGT is the mean ground temperature of the latest decade (with minimum
183  and maximum MAGT in brackets). Five of the boreholes shown in Figs. 1 and 2 are not included as no recent decadal warming
184  rate could be calculated at 10 m.
Borehole(Country)  Start Dep. Lat.(°) Elev. Ground ice  Surface MGT  (min/max Permafrost Warming rate
(m) (m) cont. cover MAGT) (°C) (10 m) (°Cdec™) (n/R?)
Aiguille du Midi NE (FR) | 2011 10 45.877 3745 ice-poor bedrock -3.2 (-3.6/-2.8) cold 0.98 (9/0.93)
Aiguille du Midi NW (FR) | 2010 10 45.880 3738 ice-poor bedrock —4 (—4.5/-3.6) cold 0.85 (10/0.88)
Aiguille du Midi S (FR) | 2010 10 45.880 3753 ice-poor bedrock -1.1 (-1.5/-0.9) warm 0.82 (6/0.89)
Bellecombes amont (FR) | 2010 14 44,995 2725 ice-rich debris -0.1 (-0.1/-0.1)* deg 0.00 (8/0.53)
Bellecombes aval (FR) | 2010 14 44.995 2710 ice-rich debris -0.2 (-0.3/-0.2)* deg -0.07 (6/0.78)
Breinosa (NO) | 2010 334  78.142 677 ice-bearing  blockfield 5.4 (-5.7/-5.0) cold (8/0.37)
Capanna Carell (IT) | 2014 10 45973 3800 ice-poor bedrock  —2.4(-2.7/-21)  cold 0.73 (8/0.85)
Cime Bianche (IT) | 2008 41 45.919 3100 ice-poor bedrock —0.8 (-1.0/-0.6) warm 0.39 (10/0.73)
Dovrefjell DB1 (NO) | 2002 7 62.297 1505  ice-bearing  debris —0.1(-0.2/-0.1)*  deg ~0.01 (5/0.03)
Dovrefjell DB2 (NO) | 2003 9 62.296 1481  ice-bearing  debris -0.1 (-0.1/0) deg 0.08 (10/0.54)
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Dovrefjell DB3 (NO) | 2002 9 62.296 1477 no ice debris 0.6 (0.3/0.8) no
Dovrefjell DB5 (NO) | 2002 9 62.300 1458 no ice debris 1.0(0.6/1.4) no
Dovrefjell DB6 (NO) | 2002 9 62.293 1402 ice-bearing  debris 0.1(-0.3/1.1) no
Gemsstock N (CH) | 2007 20 46.601 2905 no ice bedrock 0.7 (0.5/1.0) no
Gemsstock S (CH) | 2007 20 46.601 2905 no ice bedrock 2.6 (2.1/3.1) no
Gentianes 2002 (CH) | 2003 20 46.084 2888 ice-bearing  debris -0.2 (-0.4/-0.2) deg
Graechen BH1 (CH) | 2003 24 46.171 2450 ice-bearing  debris 2.1(1.7/2.4) no
Graechen BH2 (CH) | 2003 24 46.171 2450 ice-bearing  debris 0.3 (0.1/0.7) no
Grapillon low (IT) | 2013 20 45.909 3100 no ice bedrock 1.3(1.0/1.5) no
Grapillon up (IT) | 2013 20 45.909 3100 no ice bedrock 0.7 (0.4/0.9) no
Iskoras BH1 (NO) | 2008 10 69.302 585 ice-poor bedrock 0.6 (0.1/0.9)* no
Iskoras BH2 (NO) | 2009 57 69.301 591 ice-poor debris 0.4 (0.1/0.5) no
Janssonhaugen BH10 (NO) | 1998 100 78.183 275 ice-poor bedrock —4.5 (-4.8/-4.1) cold
Jungfrau (CH) | 2010 17 46.546 3590 ice-poor bedrock -4.8 (-5.3/-4.4) cold
Juwvasshoe BH1 (NO) | 2009 10 61.676 1851 ice-bearing  blockfield -1.9(-2.1/-1.8)* warm
Juwvasshoe BH3 (NO) | 2009 10 61.697 1561 ice-poor debris —0.4 (-0.7/0.2) no
Juvvasshoe BH30 (NO) | 2000 100 61.683 1894 ice-poor blockfield -2.5(-2.9/~2.4)* cold
Juvvasshoe BH4 (NO) | 2009 14 61.700 1547 ice-poor bedrock -0.3(-0.7/-0.1)  deg
Lapires BH1 (CH) | 2000 19.6  46.106 2500 ice-bearing  debris -0.1(-0.1/-0.1)  deg
Lapires BH11 (CH) | 2009 40 46.106 2500 ice-bearing  debris —-0.1 (-0.3/0) deg
Lapires BH12 (CH) | 2010 35 46.106 2535 ice-bearing  debris -0.1(-0.3/~0.1)  deg
Les Attelas BH1 (CH) | 2009 26 46.097 2661 ice-bearing  debris -0.7 (-0.8/-0.5) warm
Les Attelas BH2 (CH) | 2008 21 46.097 2689 ice-bearing  debris —-0.2 (-0.3/-0.1) deg
Matterhorn Hoernlih. (CH) | 2012 60 45.982 3295 ice-poor bedrock -1.4(-1.7/-11)  warm
Matterhorn Ridge (CH) | 2006 60 45.982 3295 ice-poor bedrock -2.5(-2.8/-2.3)  cold
Muot d. Barba P. BH1 (CH) | 1997 18 46.496 2946 ice-poor debris -1.1(-1.3/-0.9)  warm
Muot d. Barba P. BH2 (CH) | 1997 38 46.497 2942 ice-poor debris -0.8(-1.1/-0.6)  warm
Muragl BH1 (CH) | 2002 60 46.508 2549 no ice coarse bl. 0.9 (0.8/1.2) no
Murteél-Corvatsch 87(CH) | 1988 62 46.429 2670 ice-rich coarse bl.  -1.2 (-1.6/-0.8) warm
Piz Boe (IT) | 2011 30 46.510 2900 ice-poor bedrock —0.1 (-0.4/0.4) no
Ritigraben (CH) | 2002 13 46.175 2634 ice-rich coarsebl. —0.3(-0.4/-0.2)  deg
Schafberg BH1 (CH) | 2014 16 46.497 2754 ice-rich coarse bl. 0.4 (-0.7/-0.3) deg
Schafberg BH2 (CH) | 1997 60 46.499 2732 ice-rich coarsebl. —0.1(-0.2/-0.1)  deg
Schilthorn 5000 (CH) | 2002 100  46.558 2909 ice-poor debris -0.1(-0.4/-0.1)*  degr
Schilthorn 5198 (CH) | 1999 14 46.558 2910 ice-poor debris -0.1 (-0.2/0.1) no
Schilthorn 5200 (CH) | 2003 100  46.558 2909 ice-poor debris -0.1 (-0.3/0.2) no
Sonnblick (AT) | 2008 20 47.054 3106 ice-poor bedrock -1.6 (-1.8/~1.5)  warm
Stelvio (IT) | 1999 100 46.516 3000 ice-poor bedrock -1.1 (-1.5/-0.7) warm
Stockhorn 6000 (CH) | 2001 100  45.987 3412 ice-poor bedrock -1.7 (-2/-1.4) warm
Stockhorn 6100 (CH) | 2001 17 45.987 3410 ice-poor bedrock —-0.7 (-0.8/-0.6)  warm
Tarfalaryggen (SE) | 2000 100 67.917 1550 ice-poor bedrock -2.0 (-2.7/-1.7)* cold
Tron (NO) | 2008 29 62.174 1640 ice-poor blockfield 0.2 (-0.1/0.6) no
Veleta Peak (SP) | 2002 100  37.056 3380 no ice bedrock 2.4 (2.1/3.0) no
Zugspitze N (DE) | 2010 20 47.422 2922 ice-poor bedrock -1.9 (-2.2/-1.6) warm
Zugspitze S (DE) | 2010 20 47.422 2922 ice-poor bedrock 0.7 (0.5/0.8)* no
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Warming rates vary between time periods, depending on the inter-annual variability of the MAGT
(which is related to the depth). This variability is shown by computing warming rates over a moving
window of 10 or 20 years (Fig. 3). The fast reaction of temperatures in the uppermost metres (i.e. at 5
m depth) to inter-annual variations in air temperature and snow conditions, leads to a high variability of
decadal warming rates: they can fluctuate by more than 1.5 °C dec™* when moving the averaging window
by only 5 years. Due to this high variability, decadal warming rates at 5 m depths are not suited to
describe long-term changes in permafrost. Warming rates for greater depths of 10 and 20 m exhibit
lower variation but can still vary up to nearly 1 and 0.5 °C dec?, respectively. Considering 20y periods,

the variability is significantly lower than for decadal warming rates, and rates at 5 m depth are similar
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to 10 m depth. Figure 4 shows the variability of decadal warming rates at 10 m depth for all boreholes.
The length of the time series also influences this variability. The most recent values (diamonds in Fig.
4) are at the upper end of the observations for most boreholes. However, at the coldest sites and for some
sites in Svalbard (e.g. Breinosa/NO, Janssonhaugen/NO, Aiguille du Midi/FR), most recent decadal

warming rates are lower than those obtained with earlier data.
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Figure 3. Examples of running warming rates for permafrost temperature time series with an averaging window of one (top)
and two (bottom) decades. Depths of 5, 10 and 20 m are distinguished by colours. Values are plotted at the end of the period,
e.g. the warming rates for 2013-2022 are shown at x=2022. Actual depths of the sensors are indicated at the bottom of each
plot.
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Figure 4. Boxplots of permafrost warming rates at 10 m depth obtained from ground temperature measurements in the
European mountains for all available 10 year periods starting from 2000. Diamonds show the warming rate for the latest
available decade (2013-2022 or max. 4 years earlier, cf. Table 1). The number of values per borehole is indicated on top of

the boxes. Boreholes are sorted by their mean ground temperature (MGT) during the last decade, with the coldest to the left.
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The colours indicate the permafrost conditions («cold» means «no_pf» indicates the eight non-permafrost boreholes and

«degraded» includes boreholes that were in permafrost at the beginning but not at the end of the latest decade).
2.3 Permafrost warming patterns

We observe a general decrease in warming rates with ground temperatures increasing towards 0 °C
(Figs. 4 and 5). In ice-rich ground like rock glaciers, ground temperatures can remain just below 0 °C
for many years, i.e. until all ground ice has melted (e.g., Ritigraben/CH, Schafberg/CH,
Bellecombes/FR). In our dataset, ice-rich and ice-bearing sites are in warm or degrading permafrost
(MGT>-2 °C) and corresponding decadal warming rates are below 0.3 °C dec* at 10 m depth (Fig. 5),
with the exception of the cold site Breinosa/NO. The same pattern is also observed for 20 m depth and
20-year time periods, although with less data points. Once the ground ice has melted, warming rates
significantly increase as the buffering effect of latent heat is no longer effective (cf. originally ice-
containing sites with MGT > 0 °C in Fig. 5 and degraded sites in Fig. 4). Sites that are next to but not in

permafrost have warming rates comparable to those in cold permafrost (Figs. 4 and 5).
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Figure 5. Warming rates of ground temperatures at 10 and 20 m depth for the periods 2013-2022 (10y, left) and 20032022
(20y, right) plotted against the mean ground temperature (MGT) during the same period. The light red lines show a non-
parametric fit (zero degree loess fit with span=0.4) to illustrate the relation between the two quantities at 10 m (solid) and 20
m depth (dashed). The highest decadal warming rate at 10 m depth (1.77 °C dec-1) lies outside the plot area but is considered
for the loess fit. Points with no ground ice («no ice») are boreholes outside permafrost conditions. Green points with positive

MGT originally were in permafrost but have degraded during the period considered.

Mean warming rates of permafrost at 10 m depth for the latest available decade are 0.36 °C dec ™ in the
European Alps (n=34), 0.4 °C dec? for Svalbard (n=2) and 0.63 °C dec? for Scandinavia (n=11).
Differences related to the thermal conditions, i.e. to permafrost classes, surpass these regional
differences (Fig. 6): cold permafrost for the same period and depth warms at a mean rate of 0.67 °C dec™
1 (n=9), compared to 0.35 °C dec™ for warm permafrost (n=13) and 0.11 °C dec™ for degrading

permafrost (n=14). Ground temperatures at sites where permafrost has degraded during the considered
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time period (n=11) or is absent (n=8), are increasing by 0.64 °C dec? on average (n=19). The
classification by ground ice content (cf. section 4.2) confirms this picture: for ice-rich rock glaciers,
warming rates at a depth of 10 m are very low (0.05 °C dec ™, n=6). For ice-bearing sites like talus slopes
or moraines, they are 0.35 °C dec?, n=13), whilst sites with only little to no ground ice warm at decadal
rates of 0.5-0.6 °C dec ™. Characteristics of the surface cover are typically related to the type of landform
and, therefore, again to the ground ice content. Warming rates in cold permafrost, at ice-poor bedrock
sites and at non-permafrost sites are in a similar range, corresponding to SAT warming rates over the
past 30 years (cf. section 4.3 for details on the calculation). These patterns, referring to the latest decade
and a depth of 10 m, prove consistent across all considered depths, time periods and time spans (cf.
supplementary material, Figs. S6-S9).
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Figure 6. Permafrost warming rates at a depth of 10 m for the latest available decade (2013-2022 or <5 years earlier),
classified by (a) region, (b) permafrost class, (c) ground ice content, and (d) surface cover. The distribution of individual
warming rates per class is shown by the violins and overlaying boxplots, the mean values are shown by filled dots and in °C
dectnext to it. The number of time series included in each class are given by black numbers at the top. The eight boreholes
outside of permafrost (labelled “no ice”) are not included in (a) and (d) and are part of the class “degrading” in (b). Zero
warming is highlighted by the dashed horizontal line. Warming rates of air temperatures at high-elevation stations for the 30-

year period 1993-2022 are shown for comparison in (a) (data source: MeteoSwiss, METNorway, UNIS).
2.4 Seasonal distribution of warming
Examination of monthly ground temperatures at 10 m depth reveals distinct differences in warming rates

over the course of the year, characterized by prominent months for both the highest and lowest values,
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and showing a typical spread of 0.2-0.4 °C dec? (Fig. 7). With regard to the categorized permafrost
condition, surface type and ground ice content, the patterns observed for the monthly warming rates are
consistent with the annual values (Fig. 6). Notable differences emerge between the most recent decade
2013-2022 and the 20-year period from 2003-2022 (Fig. 7, left). On average, the maximum monthly
warming rate in cold permafrost was 0.75 °C dec™™. The highest monthly values in cold permafrost for
the 10-year and 20-year periods were observed at Aiguille du Midi NE in the Western Alps (warming
rate of 1.1 °C dec* occurring at 10 m depth in November, with a phase lag of five months with respect
to the ground surface) and at Janssonhaugen BH10 in Svalbard (0.9 °C dec* occurring in June at 10 m
depth, with a phase lag of seven months with respect to the ground surface).

For the latest decade, the highest monthly warming rates at 10 m depth originate from increased near
ground surface temperatures in summer and autumn, while for the 20-year period, the highest monthly
warming rates at 10 m are predominantly influenced by the warming occurring near the ground surface
during winter (Figure 7, right). However, the manner in which the highest warming rates are distributed
in summer and autumn differs across permafrost classes. In the case of cold and warm permafrost, the
warming is equally distributed between summer and autumn. For degrading permafrost, autumn has a
significantly higher influence in terms of warming compared to summer. In areas without permafrost,
summer clearly emerges as the dominant warming season. For the 20-year period, instead, winter stands
out as the dominant warming season across all permafrost classes. This is in contrast to non-permafrost

areas, which experience highest warming during summer and autumn, with winter being less prominent.
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Figure 7. Left panels: Annual (left) and monthly maximum (center) and minimum (right) warming rates at 10 m depth for the
last available 10-year (top) and 20-year (bottom) periods. Permafrost classification (colors) and statistical distribution
(boxplots) are given as in Figure 6. Right panels: Maximum monthly warming rate observed at 10 m depth for each individual
time series over the last available 10- (top) and 20-year (bottom) periods plotted for the month in which they originate near
the ground surface, considering the site-specific time delay necessary to reach 10 m depth. The highest value in the top plot

amounts to 2.6 °C dec* in July and is outside the plot area.

3 Discussion

Permafrost in European mountains generally warmed since the start of thermal observations across all
regions, depths and time periods considered in our analyses. Mountain permafrost in Europe is found in
a large variety of landforms with different surface and subsurface characteristics, thermal conditions and
topographic settings. Temperature changes in the permafrost are primarily driven by changes in air
temperature *, which are effective during periods with little or no snow, and all year round for locations
where no thick snow cover develops during winter (e.g., near-vertical slopes or wind-blown ridges).
Differences in the observed warming patterns depend in the first place on the amount of exchanged

latent heat, which is related to the temperature range and ground ice content.

Warming rates for the latest available decade are generally higher than reported earlier for polar and
mountain permafrost regions 346855 Most likely, this is partly a result of the considered sample, since
earlier studies mainly considered time series obtained in warm and degrading permafrost in sedimentary
landforms, for which measurements typically started earlier. Observations from cold high-elevation
bedrock sites, where highest warming rates are observed, have only just reached lengths that enable the
evaluation of their long-term changes. A fast temperature increase in near-vertical bedrock slopes, ridges
and peaks can be accelerated by extreme Alpine topography, where heat transfer from the surrounding
air can happen from various directions 8. Highest warming rates in cold permafrost, instead, are in line

with previous observations, based mainly on lowland polar permafrost sites *.

In the decade 2013-2022, ground temperature change rates at a depth of 10 m in cold and no permafrost,
as well as in ice-poor bedrock slopes, are in the range of 0.4-0.7 °C dec ™. This is comparable to SAT
change rates derived for the Alpine and Scandinavian regions > (Fig. 6). Atmospheric warming was
comparatively homogeneous over the Alpine region and pronounced from 1980 onwards ®°, which is
when the first permafrost data became available. In the Scandinavian mountains, SAT warming over
recent decades have not been systematically investigated but we derived values comparable to the
European Alps (Fig. 6a, cf. section 4). In western Svalbard, 1981-2020 SAT warming rates between 1.0

°C and 1.2 °C dec* were observed near the permafrost monitoring sites °.

Change rates in ice-bearing and ice-rich ground at temperatures between ca. —2 and 0 °C are reduced
due to the uptake of latent heat during phase change. Warming rates typically decrease towards the
melting point and are significantly lower than those of SAT. Just below 0 °C, ground temperature in ice-

rich terrain can remain stable for years, despite considerably changing air temperatures #81,
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Conversely, however, small warming rates in warm and degrading permafrost do not imply the absence
of changes in the permafrost. On the contrary: in ice-bearing ground, large changes in (un-)frozen water
content take place in this temperature range, which can have critical impact on the geotechnical and
hydrological characteristics of the ground. These changes cannot be recorded with temperature
measurements as ice and water can co-exist at 0 °C. Complementing measurements, like repeated
geoelectrical surveys, have to be used. Such techniques revealed considerable changes in unfrozen water
content at many mountain permafrost sites in the Alps and Scandinavian mountains, pointing to a
substantial and irreversible loss of ground ice 9426284 After such permafrost degradation, ground
temperature response can be abrupt, leading to very high warming rates. Indeed, the highest warming
rate observed in this study is related to a sudden increase in ground temperatures after the ground ice
degradation and corresponding cessation of latent heat effects 4 : at the Dovrefjell DB6 site, MAGT
strongly increased after permafrost degraded completely in 2017. This is the lowest lying site among
those in southern Scandinavia and exhibits a significant lag in response to SAT rise over the recent
decades, mainly due to considerable ground ice content and typically late winter snow cover. Observed
cooling rates are very small and occur at sites with ground temperatures close to the melting point, where
annual variations in MAGT are in the order of magnitude of the measurement accuracy. Therefore, we

do not consider these as an actual significant effect of cooling conditions.

Depending on the measurement depth, permafrost temperature series exhibit considerable intra- and
interannual variations. This poses challenges in deriving robust warming rates when calculated over
shorter time periods (e.g. a decade). Particularly, values obtained in the uppermost metres are influenced
by exceptional warm or cold years and by natural variability ®°. We obtain the most robust warming
rates at 20 m depth (i.e. below the DZAA) and for periods of two decades, albeit only few such time
series are available. Changes in permafrost temperature at a depth of around 10 m reflect the systematic
seasonal variations at the ground surface, but with a smaller amplitude and a phase lag, as higher-

frequency near-surface signals are filtered out.

The results from the seasonal analyses are consistent with previously reported changes in SAT, radiation
and snow cover, as well as with their influence on the permafrost thermal regime. For the last decade
in particular, the higher summer and autumn SAT in Europe *°® seem to have been important
contributors to permafrost warming. This is also in line with modelling of the sensitivity of permafrost
to seasonal air temperature and precipitation anomalies ®’. It is noteworthy that recent summer and
autumn SAT in Europe have seemingly increased due to the increase in surface solar radiation (C3S
2023) 8. Highest annual surface solar radiation levels were, for example, observed during the warmest
European summer 2022. Distribution and changes of mountain permafrost strongly depend on net
radiation ®°, which can for example result in a different thermal response at different slope expositions
in high-elevation bedrock . However, there are local to regional variations, and the response at

individual sites is intricate. The aforementioned effects influence the various sites to varying degrees "
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and contribute to understand the discrepancies in warming rates observed across various surface cover

and expositions among our monitoring sites.

In addition to SAT and radiation, the timing of the winter snow cover must be considered, which can
temporarily reduce or enhance a general warming pattern. Typically, an early snow cover conserves the
summer heat in the ground, while a long-lasting snow cover insulates the ground from increasing air
temperatures in spring or early summer, and vice-versa. For example, a temporary cooling of the
permafrost down to more than 10 m despite higher air temperatures, was observed following the snow
poor winters 2016 and 2017 in the European Alps 8. Snow cover duration in the Alps has been
decreasing even at the highest elevations, particularly due to an earlier snow melt in spring 272, A longer
snow free season in spring and early summer has the potential to amplify non-linear processes such as
albedo feedbacks, and to accelerate permafrost warming by corresponding changes in the ground heat
fluxes 7°. For the analysed 20-year period, near-surface warming was the most dominant in winter (Fig.
7), in agreement with long-term changes in SAT and snow cover. In Scandinavia, an increase in winter
precipitation since 1961 was observed, resulting in greater snow accumulation in the highest mountains
7 and contributing to the permafrost warming in e.g. Norway #2. In Svalbard, the highest SAT rates were
observed during autumn and winter 1. Here, monitoring sites are snow poor, making the late autumn

and winter warming's impact on the permafrost strongest, as indicated in our seasonal analysis.

Permafrost observation sites are geographically unevenly distributed, with a bias towards more
accessible locations or pre-existing research sites 2, While mountain permafrost research was initiated
in the 1970s with studies on prominent rock glacier landforms #6, permafrost in near-vertical rock has
been in the focus of research after the 2003 summer heat wave. Several existing time series in bedrock
slopes are still too short to be integrated into this study. Sites at higher elevations and with temperatures
likely a few degrees lower than those available to date, are not yet available. Geographically, the eastern
end of the Alpine Arc, the Pyrenees, and remote sites in Scandinavia and Svalbard, are still
underrepresented. But above all, mountain permafrost observations remain rare outside of the
comparatively accessible European mountains, with noticeable lacks of observations in the Rocky

Mountains, the Central Asian Mountain ranges, the Himalaya and the Andes.

Maintaining measurement instruments in harsh environment over decades to acquire uninterrupted,
robust and comparable records of permafrost temperature is very challenging. Standards for site
selection and measurement protocols have only recently been discussed and elaborated *7°. Although
the systematic organization and curation of the obtained data in national and international data centres
has evolved in the past years, most of the time series included in this study are not secured in the long-
term and only a part is centrally managed in (inter)national databases. Further, challenges of site
maintenance are increasing with changing permafrost conditions at the observations sites and will likely
increase further in the future. Problems related to the aging of instruments and their timely replacement

must be solved, while instruments may become inaccessible due to field safety concerns. The urgent
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need for international and national efforts for permafrost monitoring, data curation and sharing, as well
as updated reports on changes, have just recently been highlighted by the World Meteorological
Organization (2023) and in international political framework (Scientific statement on cryosphere of the
Paris Call for Glaciers and Poles, 2023). Such monitoring is vital for assessing the impact of atmospheric
warming on permafrost, as well as for improved model validation, for stakeholders, and for addressing

the challenges posed by the degradation of permafrost in mountain areas.

4 Methods

4.1 Measurement of permafrost temperatures

Ground temperature time series for mountain permafrost are obtained in boreholes of around 10-100 m
depth, which are drilled vertically in most cases, but also horizontally through crests or perpendicular to
the surface in near-vertical bedrock slopes. Temperatures are obtained by automated continuous data
logging at different depths with permanently installed multi sensor cables and recording intervals of 1—
24h. Thermistors are the most often used sensors for permafrost temperature measurements.
Temperature sensor strings are typically calibrated in an ice-water bath together with the logging system
at 0 °C prior to installation in the borehole. The drilling and instrumentation of boreholes in harsh, cold
environments with difficult access, and their long-term operation to obtain series over decades are
technically and logistically challenging. For details on the measurement procedure see for example

Noetzli et al. *® or Streletskiy et al. ™.

Typical measurement accuracies reported for permafrost boreholes vary from about +£0.01 to £0.25 °C,
depending on the sensors and logging system 3% Gaps in the time series may occur due to power
failure or damage because of moisture intrusion, natural hazards (storm, lightning, avalanches, rock fall),
or disruption by animals. Potential inconsistencies in the time series may result from changes in the
measurement setup (such as replacement of sensor cables or loggers), moisture or water intrusion into
the borehole, cables or sensors (particularly for sites with temperatures close to 0°C with higher unfrozen
water contents), sensor or cable damage due to ground deformation or shearing, or sensor drift over
time. Re-calibration of the system to assess the latter is often not possible as sensor cables can be stuck
in the borehole, particularly in ice-rich deforming ground such as in rock glaciers . Quality control of
the data primarily relies on value-range and consistency checks, as well as plausibility assessment based
on either duplicate and neighbouring sensors or on data from nearby stations. A single drifting sensor is

detectable through its strong anomalous temporal trend, which is not observed for neighbouring sensors.
4.2 Data collection and processing

Permafrost temperature time series measured in boreholes in European mountain regions were collected
from global, national and regional networks. Additional data that were not openly available in
(inter)national data centres were retrieved from environmental agencies, research institutions and

individual researchers. The criteria to include a time series in our analyses were: the borehole is located
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in permafrost regions in mountain terrain, reaches a depth of 10 m, MAGT is at or below 0 °C for two
consecutive years, and the time series covers at least one decade (i.e., starting in the year 2014 or earlier).
For comparison to changes in non-permafrost terrain, we additionally considered time series from

boreholes located in close vicinity of permafrost areas or where permafrost has recently degraded.

We collected daily time series, performed basic quality checks (cf. Section 4.1), and aggregated them to
monthly and annual mean values. Due to the higher temporal variability of ground temperatures near
the surface, we define depth-dependent criteria for data completeness, i.e. for daily fluctuations (above
2 m depth, 12 monthly mean values required to calculate an annual mean), seasonal fluctuations (2-17
m depth, 10 monthly values required) or very small intra-annual fluctuations close to or below the
DZAA (>17 m depth, 4 monthly values required).

For the analyses of warming patterns, borehole sites were classified based on their location as well as
their permafrost conditions, surface cover, and ground ice-content (cf. Table 1). For the latter, basic
information is available from the drilling logs or from geophysical soundings. Based on the landform
and geology of each site, four classes were distinguished: no ice (i.e., no permafrost), ice-poor
(estimated ground ice content <10%, assumed for all bedrock sites), ice-bearing (considerable and
varying ground ice, estimated about 10-100% for talus slopes or block fields), and ice-rich (ice
supersaturation in rock glaciers). While surface cover and ground ice content were considered a constant
site characteristic, permafrost classes were assigned for each analysed time period and depth (cf. section
4.3): cold permafrost with mean ground temperature of the period (MGTp) <-2°C (likely negligible
effects of latent heat), warm permafrost with MGTp between —2 and below —0.5°C (small effects of
latent heat depending on ground and freezing characteristics), and degrading permafrost with MGTp of
—0.5°C or but with a maximum MAGT not higher than 0 °C (considerable effects of latent heat during
phase change depending on ground ice content). In line with the definition of permafrost, we
distinguished non-permafrost from degrading permafrost when the maximum MAGT during the period
was >0°C. That is, time series that degraded during the considered period were classified as no

permafrost (or degraded permafrost as in Fig. 4).
4.3 Calculation of permafrost warming rates

With increasing depth, the evolution of the permafrost thermal regime integrates temperature changes
registered over a longer time period, over a larger surface area, and with increasing delay. In previous
works, permafrost warming rates were often derived at the depth of zero annual amplitude DZAA ©9-
34 This depth is particularly important when relying on irregular and infrequent manual temperature
readings &3¢9 77 However, modern logging systems record quasi-continuous temperature time series
allowing for seasonal fluctuations to be factored out. In addition, the DZAA varies with changing surface
temperatures over longer time periods and some boreholes, e.g. in near-vertical slopes, do not reach this
depth. To compile a data set including as many records as possible, we analysed warming rates at three

key depths defined for climate related long-term permafrost observation: 5, 10, and 20 m depth (cf.
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Streletskiy et al. 2022). At 5 m depth, ground temperatures closely follow surface temperature variations
while at 10 m depth, they are only characterized by seasonal variations. These are no longer observed
at 20 m depth, which is typically below the DZAA. Due to different sensor depths in the individual
boreholes, the sensors closest to the key depths were selected and time series of permafrost temperatures
assigned to three depth classes. Due to specific site characteristics or longer gaps for the closest sensor,
a few boreholes needed manual adaptation of this assignment (e.qg., to correct for differences in borehole
depth to actual distance to the surface in steep terrain). Non-vertical boreholes completely piercing a
crest (i.e., Zugspitze/DE and Gemsstock/CH) were considered as being two boreholes, one on each side.

We calculate warming rates for the three depth classes for each time series of MAGT using ordinary
least squares (OLS) linear regression in the R-environment. We do this for the last available decadal and
20-year period (i.e., 2013-2022 and 2003-2022). To assess the robustness of the obtained values and to
put it into perspective with the previous time periods, we additionally calculate warming rates for all
available 10-year and 20-year time periods. Thus, we obtain a running warming rate for each borehole
time series of MAGT for 1-3 depths classes and with an averaging window of 1 or 2 decades starting
from the first available year. For a non-parameteric distribution of data, the Theil-Sen Slope (TSS) is
often preferred over the OLS method as it is less sensitive to outliers. Comparing results by applying
both methods, however, shows marginal differences. Exceptional cases are ice-bearing sites with a
sudden increase in MAGT above 0 °C after the permafrost has degraded since latent heat effects cease
to play arole (Dovrefjell BH6/NO). In such a case, the OLS method is preferred since such a temperature

increase is not an outlier but rather an actual, relevant signal.

Following Biskaborn et al. 3, we considered the following data completeness criteria to calculate a
warming rate for a given period: one MAGT value at the start of the period (1 year), one at the end of
the period (1 year) and a minimum of 5 (one decade) or 10 MAGT values (two decades). It is important
to note that while the number of MAGT values used for a linear regression is relatively small (n of 5—
10 for 1 decade, n of 10-20 for 2 decades), these are not independent individual observations. We argue
that the nature of the MAGT data allows for the application of linear regression on time series covering
one decade. Indeed, each value comprises a compilation of daily observations spanning one year and
short-term variations are filtered with increasing depth. In addition, due to slow thermal diffusion,
ground temperatures at depth are the result of a signal emerging over a longer time span. Further, this
approach has been widely applied to determine permafrost temperature warming rates 3¢9- 478 At
several of the sites, more than one boreholes is located in close vicinity, but in different topographic
settings or with differing site characteristics leading to different thermal regimes. We therefore refrained

from calculating mean values per site before assessing change rates for the different categories.

To better understand the seasonal distribution of warming, we examined linear trends in monthly ground
temperatures near the ground surface at approximately 0.2 m depth, at 5 m depth and at 10 m depth for
the last available 10 and 20y periods (2013-2022 and 2003-2022). MAGT amplitudes near the surface
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were also calculated. This happened at 5 m and 10 m depth. At 5 m depth some locations lacked
measurements. At 10 m depth, nearly all locations had measurements and generally, the monthly ground
temperature trends revealed a prominent annual cycle with noticeable differences between the months
with the highest and lowest temperature trends. Consequently, the 10 m depth was selected for
subsequent analyses. The maximum and minimum monthly warming rates were calculated, along with
the corresponding months in which they occurred. To identify the month with the highest change rate
near the ground surface, we analyzed the month with the maximum warming rate at 10 m depth and
corrected for the corresponding phase lag in relation to the surface. To do so, the phase speed of the
annual wave was computed by comparing the time difference between the average monthly maximum

temperature at approximately 0.2 m and 10 m depth.

Time series of mean annual air temperature (MAAT) from weather stations located at or close to several
of the actual permafrost boreholes were used to derive SAT change rates. We compiled data from three
high elevation stations of MeteoSwiss (to avoid effects of local topography or valleys: Piz Corvatsch at
3294 masl., Jungfraujoch at 3571 m asl. and Weissfluhjoch at 2691 m asl.), three MET Norway stations
(Juvvasshge, Fokstugu and Iskoras) and one UNIS station (Janssonhaugen, Svalbard). The sites are
representative for the three main regions: the European Alps, Scandinavian mountains and Svalbard. In
the absence of MAAT data at the beginning of three of the Scandinavian and Svalbard series
(Juvvasshge, Iskoras, and Janssonhaugen), the high-resolution Norwegian reanalysis named NORA3 7
was employed to extend the datasets. For direct comparison with the original instrumental observations
and to derive a value at the station locations, the NORA3 data series were adjusted by regression analysis
(R? 0.95-0.97). To derive air temperature change rates we applied the OLS method as for permafrost
time series, but for a time period of three decades (1993-2022) due to the higher interannual variability
of air temperatures compared to the naturally filtered ground temperatures. As for permafrost

temperature time series, the application of the TSS method led to negligible differences.
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