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Changes in Ground Temperature and Dynamics in Mountain Permafrost in the Swiss Alps
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Rising air temperatures and increasingly intense precipitation are being observed in the Swiss Alps. These changes strongly affect the evolution of the temperature regime and the dynamics of mountain permafrost. Changes occur at different rates depending on ground ice content. Long-term monitoring reveals progressive warming and degradation of permafrost and accelerating rock glacier velocities. This study analyses changes occurring in ice-rich (excess-ice) and ice-poor mountain permafrost in Switzerland between 1997 and 2019 on the basis of ground temperature and rock glacier dynamics measurements carried out by the WSL Institute for Snow and Avalanche Research SLF at seven sites. Long-term borehole data indicate an increase of ground temperatures at all depths, in particular at ice-poor and nearly snow-free sites. Active layers are thickening at most sites and prolonged periods of active layer thaw are observed. Long autumn zero curtains are observed in ice-rich permafrost, possibly leading to an overall acceleration of rock glaciers. All these changes point towards ongoing permafrost warming and permafrost degradation in future.
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1 INTRODUCTION

On a global scale, permafrost temperatures increased by approximately 0.3°C during the last decade (Biskaborn et al., 2019). In mountain regions the rapid warming of the atmosphere (e.g., Ceppi et al., 2012; Pepin et al., 2015; Scherrer et al., 2016) induces significant changes in mountain permafrost and consequently, rising ground temperatures are being observed (Biskaborn et al., 2019; Hock et al., 2019; PERMOS, 2019; Etzelmüller et al., 2020; Noetzli et al., 2020; Phillips et al., 2020). The modelled surface area of mountain permafrost in Switzerland covers about 3% (Kenner et al., 2019a). Rising ground temperatures (Biskaborn et al., 2019; PERMOS, 2019), active layer thickening, varying ice- and water contents (Mollaret et al., 2019) and strongly increasing rock glacier deformation rates (PERMOS, 2019) have been observed in the (Swiss) Alps during the last two decades and are attributed to climate warming. Recent intra-permafrost talik formation in some rock glaciers (Zenklusen Mutter and Phillips, 2012b; Boaga et al., 2020) signal the onset of permafrost degradation. Induced by climate warming, higher water contents contribute to the acceleration of rock glaciers (Wirz et al., 2016; Buchli et al., 2018; Cicoira et al., 2019b). Short-term accelerations of rock glaciers are caused by intense summer rainfall (Jansen and Hergarten, 2006; Wirz et al., 2014; Kenner et al., 2017a), while on an annual basis the duration of the freezing period in the active layer controls the water budget and is thus decisive for rock glacier velocity (Kenner et al., 2019b). Although the reaction of rock glaciers to climate change is complex and superimposed by other, local phenomena, rock glacier velocity and zero curtain duration are valuable indicators, particularly regarding changes in ice/water content taking place in 0°C isothermal permafrost, which cannot be distinguished on the basis of temperature data. Rock glacier kinematics also reveal one of the geotechnical consequences of warming permafrost, highlighting the relevance of alpine permafrost beyond its role as a climate indicator. As a consequence of rock glacier velocity increase, rock glaciers transport more sediments downslope and when their fronts reach steep terrain, rock fall or debris flows can be triggered with higher frequencies and/or volumes (Kummert and Delaloye, 2018).

The Swiss climate change scenarios for the Alps predict rising air temperatures, more frequent summer heat waves (CH2018, 2018; NCCS, 2018) and indicate that heavy precipitation will intensify and be more frequent in future (Rajczak et al., 2013; Scherrer et al., 2016; NCCS, 2018). Long-term permafrost monitoring data is thus essential to analyse the impact of ongoing climate change on mountain permafrost and to provide information allowing efficient management of mass movements originating in permafrost terrain in the densely populated Alps.

Long-term mountain permafrost monitoring in Switzerland is ensured by the Swiss Permafrost Monitoring Network PERMOS (e.g., PERMOS, 2019) on the basis of borehole temperature logging, ground surface temperature observations, geophysical investigations (electrical resistivity tomography) and terrestrial geodetical slope deformation monitoring, using for example, total stations, and Global Navigation Satellite System (GNSS) receivers. Various sub-networks run by Swiss research institutions contribute data to the PERMOS network and complement the latter with measurements from additional sites as well as with methods and variables not (yet) included in the national monitoring.

Here, we present borehole ground temperature and complementing data, such as terrestrial laser scans (TLS) measured by the WSL Institute for Snow and Avalanche Research SLF. Terrestrial laser scans and some of the borehole data are not submitted to PERMOS. We describe and quantify changes which have occurred in mountain permafrost at measurement sites covering a variety of different climatic and topographic conditions, located in different landforms with varying ground ice contents. Global assessments such as those presented by Biskaborn et al. (2019) or Hock et al. (2019) typically consider mountain permafrost as one type or region and do not distinguish between different landforms in mountain permafrost, i.e., sites located in ice-rich (excess-ice) and ice-poor mountain permafrost as do Kenner et al. (2019a). Ground ice content, however, significantly influences warming rates due to latent heat effects (e.g., Romanovsky et al., 2010; Hock et al., 2019; Noetzli et al., 2019) as well as the potential consequences of permafrost degradation. Throughout this publication we therefore distinguish between (1) ice-rich permafrost with an ice content exceeding the pore volume of the ground (Harris et al., 1998), (2) ice-poor permafrost with ice occurring only in pores and joints (Murton et al., 2006; Krautblatter et al., 2012), and (3) permafrost-free ground.

The evolution of ground temperatures, the active layer thickness and the dynamics of three rock glaciers are analysed at selected mountain permafrost sites operated by SLF (section “2 Test Sites”) and their changes in the last two decades are shown. The analysis is based on data measured at sites in different regions of the Swiss Alps between 1997 and 2019 (section “3 Methods”). Data from 9 of 25 high alpine boreholes maintained by SLF are analysed (section “4 Results”), seven of which are incorporated in the PERMOS network (PERMOS, 2019). Data from the other SLF boreholes are not included for reasons such as their vicinity to infrastructure (disturbed measurements), confidentiality of the data or quality issues such as sensor drift. We further introduce the concept of mean annual active layer thickness as a proxy for active layer duration and intensity. The evolution of annual minima and maxima and the duration of the zero curtain at the permafrost table are also analysed and in the absence of data on ground ice and water contents, borehole temperatures are used to discern the formation of taliks in ice-rich permafrost. To analyse rock glacier velocities (section “4.4 Rock Glacier Dynamics”) the geodetic measurement methods terrestrial laser scanning (TLS) and photogrammetry are used here. Similarities and differences to established methods, used for example within the PERMOS network are discussed in section “5 Discussion.” Finally, the need for additional permafrost monitoring data, particularly regarding ground water contents is emphasised, to better understand ongoing processes in mountain permafrost induced by climate change (section “6 Conclusions and Outlook”).



2 TEST SITES


2.1 Ground Temperature Measurements in Boreholes

We show a detailed analysis of ground temperatures measured in 9 SLF boreholes at 7 sites located between approximately 2400 m and 3600 m a.s.l. in different regions of the Swiss Alps and in different landforms with varying ice contents (Table 1 and Figure 1): rock walls and crests, talus slopes, and rock glaciers. Permafrost is not present at all observation sites (Table 1), but permafrost-free boreholes are located close to the lower fringe of mountain permafrost. Some boreholes are close to high mountain infrastructure and were drilled in the context of construction activity. An overview of the analysed data-sets is shown in Figure 2A.


TABLE 1. Overview of the sites and data presented. The measurement methods carried out at each site are indicated with an “x.” The analyses of ground temperatures are based on measurements at depths around 5, 10, and 20 m. Here, the exact sensor depths are given. Abbreviations used: GT, ground temperature; PF, permafrost; y, yes; n, no; P, photogrammetry; N, north-west; S, south-east.
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FIGURE 1. Overview of the borehole and kinematic sites presented here (Table 1) as well as the automatic weather stations used. Temperature and kinematic monitoring sites (blue triangles) include: ground temperature data, TLS, and GNSS observations. At borehole locations (red dots) only borehole temperature measurements exist. The Schafberg & MdBP site includes the boreholes Schafberg B1 and B2 as well as Muot da Barba Peider B1 (MdBP). The Jungfrau East ridge site includes the borehole as well as the automatic weather station at Jungfraujoch.
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FIGURE 2. Overview of the data availability at the measurement sites. In (A) the continuous borehole ground temperature measurements are shown. Dotted lines denote that some data is missing, but not in all depths. The coloured frames indicate the ice content of the boreholes: pink for ice-rich, light blue for ice-poor, and no frame for permafrost-free locations. In (B) yearly observations with TLS and continuous data observations using GNSS are shown for the ice-rich rock glacier sites. At Schafberg data between 1955 and 2012 originates from swisstopo airborne images (photogrammetry). Please note that the x-axis scale is not linear between 1955 and 2012, as indicated by the two slashes.


The boreholes are mostly vertical, except in the Jungfrau East ridge, where the borehole was drilled sub-horizontally from a tunnel towards the outer ridge surface, and at Gemsstock, where a horizontal borehole pierces the ridge.



2.2 Geodetic Measurements

Terrestrial laser scanning was carried out once annually at the rock glaciers Ritigraben, Fluela and Schafberg to observe their kinematics (Figure 1). The Schafberg site contains a rock glacier complex with three independent rock glacier sections called Schafberg I-III according to their deformation vector fields and the geomorphologic characteristics. Two boreholes called Schafberg B1 and B2 are located in the Schafberg rock glacier. At Ritigraben and Schafberg annual TLS surveys are complemented by permanent GNSS devices installed on the rock glaciers. Thus, both annual and intra-annual signals can be captured. At Schafberg rock glacier historical aerial images are also available (section “3.3 Geodetic Measurements,” Figure 2B for data availability).



2.3 Meteorological Measurements

Homogenised data series of mean annual air temperature anomalies from the long-term climatic mean 1981–2010 are provided by MeteoSwiss. The MeteoSwiss automatic weather stations Jungfraujoch (Bernese Oberland, 3580 m a.s.l.), Piz Corvatsch (Engadine, 3302 m a.s.l.), Grächen (Upper Valais, 1605 m a.s.l.) and Zermatt (Upper Valais, 1638 m a.s.l.) are used in the analysis. Further, snow depth data from the Intercantonal Measurement and Information System (IMIS) are used from the IMIS automatic weather stations Bever (Engadine, 2510 m a.s.l.), Gornergrat (Upper Valais, 2950 m a.s.l.) and Urseren (Uri Alps, 2170 m a.s.l.) for the four winter seasons 2016–2019 in order to show the influence of the snow cover on ground temperatures. These stations are closest to and most representative for our study sites (Figure 1).



3 METHODS


3.1 Ground Temperature Measurements in Boreholes

All boreholes are instrumented with high precision thermistors (e.g., Yellow Springs Instruments 48006/8 thermistors) or digital temperature sensors (Campbell CS225) measuring temperature at various depths. Temperatures are recorded by a Campbell CR10X or C1000 data logger, powered by two 12-volt crystal lead batteries.

In addition to the above described thermistor chains, miniature-temperature loggers Type UTL-3 (www.utl.ch) or BLE (‘Bluetooth Low Energy’, developed at SLF) are installed in several boreholes for duplicate measurements allowing to backup or validate the data recorded by the temperature sensor strings.

All temperature sensors and miniature temperature loggers were single-point calibrated at 0°C in an ice-water bath before installation and all measurement systems have a precision of ± 0.1°C. Wherever possible, the original temperature sensor chains are recalibrated if the data look questionable and if the sensors can be extracted from the borehole. This allows to determine whether the sensors are still functioning well or drifting and thus which data has to be discarded (section “3.2.2 Sensor Drift”).

Ground temperature evolution varies considerably at different borehole depths. We focus on the following depths: 5, 10, and 20 m (see Table 1 for exact depths). At 5 m depth short-term and intra-annual ground temperature variations (e.g., weekly) can be observed, which are mostly driven by atmospheric fluctuations (changes in air temperature or snow cover). 10 and 20 m are established depths for permafrost assessments (PERMOS, 2019). While at around 10 m depth seasonal ground temperature variations can be observed, at 20 m depth ground temperature changes are governed by long-term changes at the surface and a seasonal signal is hardly visible (zone of zero annual amplitude).



3.2 Ground Temperature Data Processing


3.2.1 Pre-processing

Recording intervals of ground temperatures range between 1 and 24 hours depending on the borehole instrumentation. Data gaps shorter than 72 hours are filled by linear interpolation at the original measurement intervals. Data gaps exceeding 72 hours are filled by linear interpolation for depths below 4 m and time periods shorter than 30 days. Ground temperature data were aggregated to daily means for our analysis.

The evolution of annual minimum and maximum ground temperatures (section “4.2.3 Minimum and Maximum Ground Temperatures at 10 m Depth”) is shown at 10 m depth because amplitudes are damped and seasonal variations are best visible here. For the detection of temperature minima and maxima ground temperatures cannot be interpolated.



3.2.2 Sensor Drift

It is important to exclude measurement errors caused by sensor drift when assessing warming permafrost ground (e.g., climate-induced or artificially induced by infrastructure) (Luethi and Phillips, 2016). A validation of the temperature data and rough in-situ ‘calibration’ at 0°C can be done in the active layer, where phase change occurs twice a year. In the case of the Hoernli hut borehole (Figure 3) increasing positive deviations from 0°C clearly indicate sensor drift. Duplicate measurements were therefore carried out in the borehole using additional miniature UTL-3 loggers (section “3.1 Ground Temperature Measurements in Boreholes”) from 2016 onwards for comparison with the measurements of the installed thermistor string (Figure 3; Noetzli et al., 2021). The UTL-3 loggers measured an active layer thickness of 1.5 to 2.0 m between 2016 and 2019, which is in the range of the active layer thickness observations before 2014 (section “4.2.2.1 Active Layer Thickness”). The duplicate measurements confirmed the occurrence of drift and ‘active layer thickening’ from 2014 onwards was thus proven false. Therefore, all data analysed here from the Hoernli hut borehole include thermistor data in the years 2012 and 2013, while from 2016 onwards UTL-3 logger data is used.
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FIGURE 3. Evolution of ground temperatures measured in the Hoernli hut borehole at (A) 1 m and (B) 2.5 m depth between September 2016 and July 2019. To verify the thermistor measurements (light blue lines) temporary UTL-3 loggers (dark blue dotted lines) were installed in parallel. Yellow dashed (thermistor) and solid purple (UTL-3) lines indicate zero curtains.




3.2.3 Running Means and Linear Trends

The centered 365-day running mean of ground temperatures measured at varying depths in the different boreholes are calculated, meaning that ground temperatures for a specific date and borehole reflect the mean of the 182-day period before and after the date. Based on these running means, linear ground temperature trends are calculated and periods without data are ignored.



3.2.4 Determination of Active Layer Thickness

The active layer thickness is the maximum annual thawing thickness of the ground above the permafrost body. The active layer thickness is calculated by linear interpolation between adjacent temperature sensors in a borehole: one located in the active layer and the nearest sensor in the underlying permafrost. The closer the active layer thickness is to the lower of the two thermistors, the higher the accuracy of the interpolated active layer thickness is, especially for ice-rich sites (section “4.2.2.1 Active Layer Thickness”). It must be emphasised that this linear method does not account for latent heat effects due to phase change at the permafrost table nor for non-linear temperature profiles (section “5.1 Evolution of Ground Temperatures”). Results should be considered approximations to the actual active layer thickness, but nonetheless represent the order of magnitude of the active layer thickness and portray the active layer thickness evolution for a borehole. To verify the active layer thickness calculation done using linear interpolation, in the borehole Fluela A multiple miniature BLE temperature loggers (section “3.1 Ground Temperature Measurements in Boreholes”) were temporarily installed between the lowest thermistor located in the active layer at 2 m depth and the highest thermistor located in permafrost at 3 m depth with a spacing of 0.2 m (section “4.2.2.1 Active Layer Thickness”). Active layer thickness could not be calculated for sites lacking sensors in the active layer (Jungfrau East ridge; partly Muot da Barba Peider B1) and for permafrost-free sites. Although this linear interpolation method has its limitations, it is widely used in ground temperature analyses in mountain permafrost regions where active layer thickness has to be determined based on interpolation from borehole temperature measurements (e.g., PERMOS).



3.2.5 Mean Annual Active Layer Thickness

We introduce and calculate the mean annual active layer thickness for all the permafrost boreholes. The mean annual active layer thickness is calculated as the mean of the daily active layer thickness during one calendar year using Equation 1, although the linear interpolation method has its limitations especially at ice-rich sites, as discussed above. Mean annual active layer thickness is used as a proxy for the duration and intensity of the annual ground thawing and its inter-annual variations. While the active layer thickness provides only the maximum depth of the seasonally thawed ground (section “3.2.4 Determination of Active Layer Thickness”), the mean annual active layer thickness additionally accounts for the length and intensity of the ground thawing period.
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t is the time in [days], MAALT is the mean annual active layer thickness in [m] and ALT is the active layer thickness in [m]. Note that in some boreholes taliks occur below the active layer (section “4.3 Taliks in Permafrost”), and these have not been considered, as they are not part of the active layer. In addition, years with missing active layer data have been discarded.



3.2.6 Zero Curtain

The zero curtain was determined at the depth of the lowest sensor in the active layer for days with ground temperatures varying between ± 0.1°C. No zero curtain is shown for sites without sensors in the active layer (Jungfrau East ridge, partly Muot da Barba Peider B1) and permafrost-free sites, as well as during years with one continuous zero curtain (e.g., at Schafberg B1 and B2).



3.3 Geodetic Measurements


3.3.1 Terrestrial Laser Scans

Terrestrial laser scanning was used to quantify surface changes such as the rock glacier velocity or subsidence due to ground ice loss. Scans were performed annually and provided high resolution (<0.1 m) point clouds, representing the terrain surface. The point clouds were co-registered in the commercial software RiScanPro provided by Riegl using a modification of the iterative closest point algorithm (Chen and Medioni, 1991). Grid-based vertical and vector-based horizontal surface changes were calculated in ESRI ArcGis and Matlab according to Kenner et al. (2014). From 2009 to 2012 the Riegl long-range laser scanner LPM321 was used, and from 2013 onward the Riegl long-range laser scanner VZ6000. The change of instrument induced an increase in accuracy and a better representation of surface structures (smaller laser footprints).

From the TLS deformation vector fields relative rock glacier velocity time series were calculated for the rock glaciers Fluela, Schafberg and Ritigraben. Depending on the threshold for the smallest deformation value included in the calculation, results can significantly disturb the relative rock glacier velocity time series because of: (1) the accuracy of the TLS measurement and (2) the difference in weighting between slow and fast sectors of the rock glacier (different parts often show varying annual variations of movement). Considering these points, we applied two assumptions to determine the threshold for the smallest vector used for calculation: (1) the standard deviation between a relative rock glacier velocity time series calculated with this threshold and a relative value time series calculated with a 1 cm higher threshold is lower than 10%. (2) The threshold is higher than 10% of the maximal rock glacier velocity. Thus, relative rock glacier velocity time series have been calculated while excluding the vectors smaller than: 4 cm (Fluela and Schafberg I); 30 cm (Ritigraben); and 2 cm (Schafberg II and III).



3.3.2 Photogrammetry

Multi-annual rock glacier velocity between 1955 and 2012 at rock glacier Schafberg was quantified using historical aerial images provided by the Swiss Federal Office of Topography (swisstopo). These images were orthorectified with the help of locally defined ground control points using the photogrammetric software Erdas Imagine. Horizontal deformations between the multi-temporal, orthorectified images were defined correlating the colour pattern of the images (Kenner et al., 2014).



3.3.3 In-situ Global Navigation Satellite System

At the study sites Schafberg and Ritigraben, single-frequency GNSS receivers were installed. They were mounted on 1.5 m high poles together with a two−axis inclinometer and located on large boulders which are snow free all year round. The GNSS data was processed with the Bernese GNSS Software (Dach et al., 2015), based on single-frequency differential carrier phase techniques. Reference data for the differential processing was provided by a local base station 5.8 km away from Ritigraben and by the GNSS station SAM2 of the Automated GNSS Network for Switzerland (AGNES), 5.2 km away from the Schafberg site. While the Ritigraben base station has almost no elevation difference to the Rover, the GNSS station SAM2 is about 1100 m lower than the Schafberg Rover. The GNSS velocities analysed here are based on daily static coordinates. The uncertainty (standard deviation) of the daily GNSS coordinate computation is about 1–2 mm in the horizontal component and 2–3 mm (Ritigraben) or 4 mm (Schafberg) in the vertical one.

The GNSS data time series of daily coordinates was smoothed using an 11-day (at Ritigraben) and 31-day (at Schafberg) running mean to filter small scale measurement noise. Subsequently, horizontal rock glacier velocities were calculated between the first and the last coordinates of an 11- or 31-day window. These different time intervals proved to be long enough to provide significant rock glacier velocities as well as seasonal variations. The 31-day window was used for the Schafberg rock glacier because of its lower velocity (section “4.4 Rock Glacier Dynamics”) and the stronger measurement noise, caused by the lack of a local reference station at this site. In addition, continuously measured GNSS data is used to normalise the rock glacier deformation rates derived from TLS to a 365-day interval at Ritigraben and Schafberg rock glaciers, while linear interpolation is used where no GNSS data is available (Fluela rock glacier).



4 RESULTS


4.1 Meteorological Conditions (Climate)

The last two decades have been the warmest at a global scale since the start of the meteorological records in the 18th century (Dunn et al., 2019; WMO, 2019). The same applies for Switzerland, where the air temperature increase is particularly strong at MeteoSwiss automatic weather stations above 1000 m a.s.l. (MeteoSwissWeb, 2020). During our observation period (1997–2019) only 5 years had mean annual air temperature below the climatic average 1981–2010. All Swiss regions show a similar air temperature evolution with an increase of frequency and magnitude of positive temperature anomalies, especially during the end of the observation period (Figure 4). Summer heat waves and drought clearly increased, such as in 2003, 2015 and 2018 (MeteoSwissWeb, 2020), which were the warmest summers registered since the start of measurements in Switzerland in 1864.
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FIGURE 4. Mean annual air temperature (MAAT) anomalies from the 1981–2010 norm based on homogenised data series from the MeteoSwiss automatic weather stations Jungfraujoch, Piz Corvatsch, Grächen, and Zermatt. All reddish bars show temperatures above and all bluish bars below the respective climate station mean.


In Figure 5 snow depth evolution during four consecutive winters (2016–2019) with strongly varying snow conditions is shown and its strong influence on ground temperatures and thus permafrost conditions is discussed in section “4.2 Ground Temperatures” and section “5.1 Evolution of Ground Temperatures.” In the hydrological years 2015–2016 and 2016–2017 a continuous snow cover established towards the end of January and beginning of February in the Swiss Alps (except in the Western Alps in 2015–2016). Snow depths were below average throughout the winter season. In combination with very low air temperatures in January 2015 and 2016, the ground cooled effectively. In contrast, in the hydrological years 2017–2018 and 2018–2019 a continuous snow cover was already established in November, enabling early and efficient ground insulation. Snow-rich Decembers and Januaries contributed to above average snow depths in the entire Swiss Alps.
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FIGURE 5. Snow depth at three IMIS stations during the four winter seasons 2016–2019 with both snow-poor and snow-rich conditions: (A) Bever (Engadine), (B) Gornergrat (Upper Valais), and (C) Urseren (Uri Alps). The grey thick line is the mean snow depth and the grey shaded area the minimum and maximum range (Min–Max Range) for the entire observation period 1997–2019. Data is shown for the hydrological year.




4.2 Ground Temperatures


4.2.1 Evolution of Ground Temperatures

In the ice-rich permafrost boreholes Ritigraben, Schafberg B1, Schafberg B2 and Fluela A (Table 1) ground temperature evolution is similar at varying depths with rather small seasonal ground temperature variations (Figure 6). Here ground temperatures are close to 0°C. Latent heat is consumed during phase change before ground temperatures can rise above the melting point, thus reducing temperature variations. Ground temperatures undergo higher variations at ice-poor permafrost locations (Figure 6). Ground temperatures measured in ice-poor permafrost (Muot da Barba Peider B1, Hoernli hut, Jungfrau East ridge; Table 1) as well as at permafrost-free sites (Gemsstock, Fluela B; Table 1) mainly increase for the entire ground temperature series, with only short interruptions. The ground temperature increase is especially pronounced in the ice-poor rocky Jungfrau East ridge. Here ground temperature increases stagnated, however, between 2016 and 2018 (section “5.1 Evolution of Ground Temperatures”).
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FIGURE 6. Running 365-day means of ground temperatures (solid lines) measured in various high alpine SLF boreholes at approximately (A) 5 m, (B) 10 m, and (C) 20 m depth (see Table 1 for exact sensor depths). In addition, linear ground temperature trends (dotted lines) are calculated based on annual running mean ground temperatures, including those in non-permafrost locations. (D) Zoom into the grey inset in (B) at 10 m depth: here short-term ground temperature changes are additionally calculated for all boreholes for the same time period as of borehole Schafberg B1 (if applicable). The coloured frames indicate the ice content of the boreholes: pink for ice-rich, light blue for ice-poor, and no frame for permafrost-free locations.


At all borehole locations influenced by snow, ground temperature decreases induced by snow-poor winters is observed with varying timing and magnitude (section “5.1 Evolution of Ground Temperatures”). While in all boreholes located in the Eastern Swiss Alps (especially Engadine) ground temperature decrease already started in winter 2015–2016 (Figures 5A, 6; Zweifel et al., 2016) and reached a depth of 20 m, ground temperature decreases were observed to a depth of 10 m in the snow-poor winter 2016–2017 (Figures 5, 6; Zweifel et al., 2017) in all boreholes in the Swiss Alps.


4.2.1.1 Linear Ground Temperature Trends

Linear ground temperature trends in varying depths are shown in Figure 6. The three borehole data series that cover more than 15 years (Muot da Barba Peider B1, Schafberg B2, Ritigraben) show positive temperature differences between the beginning and end of the analysis period (Table 2) and indicate an increase of ground temperature in all depths. Positive ground temperature trends even occur at 20 m depth, where the long-term signal is more relevant than at or above 10 m depth because it is not overprinted by seasonal variations. Shorter data series partly show negative ground temperature trends (e.g., Schafberg B1, Fluela A; Table 2, section “5.1 Evolution of Ground Temperatures”), because short-term weather fluctuations (in particular timing and depth of snow cover, summer air temperature) superimpose the long-term climate signal.


TABLE 2. Ground temperature differences calculated from linear trends of 365-day running means of ground temperatures in varying depths between the start and end of the temperature series of each borehole. Annual ground temperature trends [°C a−1] are also shown. Muot da Barba Peider B1 is abbreviated as MdBP. At Jungfrau East ridge the analysed data time series at 5 m depth (values in brackets and italic) is shorter than at 10 and 20 m depth due to sensor failure. Results from time series shorter than 10 years are written in italics. See Figure 6 for illustration.

[image: Table 2]To understand short-term ground temperature changes (less than 10 years) within a longer time perspective, linear ground temperature trends are additionally calculated for all boreholes simultaneously having data for the same time period as borehole Schafberg B1. During these 5.8 years ground temperature trends at 10 m depth (Figure 6D) are negative for all boreholes located in permafrost, except for Jungfrau East ridge. It can therefore be assumed that in the long-term, these permafrost boreholes will continue to behave similarly and thus also show increasing ground temperature trends. We thus show that shorter data time series can be useful for trend assessments but have to be set in a broader context.



4.2.1.2 Vertical Ground Temperature Profiles

Vertical temperature profiles of mean annual ground temperatures illustrate particularly well how temperatures are evolving at all depths over time and how they react differently, depending on ice content. In Figure 7 the mean annual ground temperature increase over time is clearly visible in all boreholes. Further, the effect of summer heat waves as well as snow-poor years on mean annual ground temperature is clearly visible in most boreholes, although local and regional differences exist. At ice-rich locations (Figures 7A–D), mean annual ground temperatures have tended towards 0°C at all depths below the active layer, with exceptions in snow-poor years. Accordingly, mean annual ground temperatures are higher here compared to ice-poor locations (Figures 7E–G). In the active layer an increasingly marked positive offset is evident. At Ritigraben (Figure 7D) mean annual ground temperature increases particularly strongly in 2018 and 2019 at all depths. In ice-poor frozen rock walls there are greater inter-annual mean annual ground temperature differences (Figures 7F,G) compared to ice-rich locations. Especially in the Jungfrau East ridge, mean annual ground temperatures are clearly increasing at similar rates at all depths. In the rocky Gemsstock crest the mean annual ground temperature profiles display the transient effect of a warmer south-east (S) face on the colder north-west (N) face (Figure 7I). The exceptionally high temperatures near the surface in 2016 and 2017 at Gemsstock S (Figure 7I) may indicate sensor drift. This is, however, yet not clear, highlighting the practical challenges of long-term borehole measurements (section “3.2.2 Sensor Drift”).
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FIGURE 7. Vertical temperature profiles of mean annual ground temperatures in all permafrost boreholes. Thermistor depths in the boreholes are given (not the distance to the ground surface). The black vertical line denotes the 0°C isotherm (where applicable). Note the different x- and y-axis scales. Temperatures at depths of seasonal taliks (black circles) are below 0°C because mean annual ground temperatures are presented. The coloured frames indicate the ice content of the boreholes: (A–D) pink for ice-rich, (E–G) light blue for ice-poor, and (H,I) no frame for permafrost-free locations.




4.2.2 Active Layer


4.2.2.1 Active Layer Thickness

Active layer increased at all sites (Figure 8). At ice-poor locations (Figures 8E,F) variations in active layer thickness are common and active layer thickening is reversible. In contrast, at ice-rich locations active layer thickness remains rather stable at the sites considered (Figures 8A–D; section “5.1 Evolution of Ground Temperatures”). Here the gradual active layer increase is small, but if it occurs it appears to be irreversible (Zenklusen Mutter and Phillips, 2012a; Mollaret et al., 2019).
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FIGURE 8. Active layer thickness (green bars) for all boreholes located in permafrost. The thin black bars indicate the depths of the sensors used for linear interpolation (upper sensor in active layer, lower sensor in permafrost). (C) The grey bar below the green one indicates the advantage of more detailed active layer thickness calculation due to denser sensor spacing (black circle). The coloured frames indicate the ice content of the boreholes: (A–D) pink for ice-rich, and (E,F) light blue for ice-poor locations.


The uncertainty of active layer thickness calculation by linear interpolation (section “3.2.4 Determination of Active Layer Thickness”) is demonstrated in the ice-rich borehole Schafberg B2 (Figure 8A). It seems that the calculated active layer thickness strongly increased by 2 m between 1999 and 2000, which is presumably an artefact caused by large thermistor spacing in the active layer (thermistors at 3.2 m and 5.2 m depth). Active layer thickening at ice-rich locations occur, however, gradually from year to year and at Schafberg B2 active layer thickness ranges between 3.2 m and 5.2 m.

The need for dense thermistor spacing in the active layer (section “3.2.4 Determination of Active Layer Thickness”) is highlighted in the borehole Fluela A. While linear interpolation between the thermistors suggested an active layer thickness of 2.9 m, the more detailed active layer thickness measured using additional BLE loggers was around 2.6 m (Figure 8C).



4.2.2.2 Mean Annual Active Layer Thickness

Mean annual active layer thicknesses are considerably high at the ice-rich locations Schafberg B1 and B2 and Ritigraben (Figure 9). In accordance with the active layer thickness, mean annual active layer thickness is smallest in the ice-poor talus slope Muot da Barba Peider B1. For all boreholes, mean annual active layer thickness increased strongly from 2017 onwards although active layer thickness remained nearly the same, indicating prolonged periods of active layer thaw (section “5.1 Evolution of Ground Temperatures”).
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FIGURE 9. Mean annual active layer thickness calculated for all boreholes with permafrost. Mean annual active layer thickness could not be calculated for sites lacking sensors in the active layer (partly Muot da Barba Peider B1, see Figure 8). The coloured frames indicate the ice content of the boreholes: pink for ice-rich, and light blue for ice-poor locations.




4.2.3 Minimum and Maximum Ground Temperatures at 10 m Depth

The evolution of annual minimum and maximum ground temperatures is shown at 10 m depth (Figure 10A). At the ice-rich sites maximum ground temperatures are close to 0°C with annual variations smaller than 0.15°C. In contrast, stronger annual minima variations up to 0.6°C are common between successive years. Long-term trends over two decades show, however, an increase of minimum temperatures of up to 0.5°C (temperature differences between the start and end of the linear ground temperature trends of each borehole) causing a convergence of minima and maxima, and inducing an isothermal permafrost during an increasing number of years. At shorter time scales, there is no such warming trend due to individual cooling events (section “4.2.1 Evolution of Ground Temperatures” and section “5.1 Evolution of Ground Temperatures”). At ice-poor sites linear trends show both increasing maxima and minima (Figures 10A,B) and both increase at nearly the same rate. These increases are highest at Jungfrau East ridge and range around 0.08°C a–1 (maxima and minima). At the permafrost-free locations Fluela B and Gemsstock linear trends also show an increaseof both maxima and minima, but in contrast to permafrost sites seasonal variations are stronger for maximum temperatures compared to minimum temperatures here.


[image: image]

FIGURE 10. (A) Evolution of annual minimum (dashed lines) and maximum (dotted lines) ground temperatures at 10 m depth. In addition, linear trends (solid lines) are calculated based on the evolution of annual minima and maxima. (B) Annual minimum and maximum ground temperature trends [°C a−1] at 10 m depth. Muot da Barba Peider B1 is abbreviated as MdBP. Results for boreholes with only short data time series are written in italics. (C,D) Timing as a function of (C) annual minimum and (D) maximum ground temperatures at 10 m depth: the dates for each borehole and each year on the y-axis versus minimum or maximum ground temperatures on the x-axis are shown. Note the different y-axis scales for minima and maxima. The coloured frames indicate the ice content of the boreholes: pink for ice-rich, light blue for ice-poor, and no frame for permafrost-free locations.


No typical temporal distribution of minima and maxima in connection with the appropriate minimum and maximum ground temperature can be observed (Figures 10C,D), but clear clusters are obvious, depending on ground ice content. At most sites located in permafrost the time lag at 10 m depth compared to the surface is 5 to 7 months, with minima occurring in summer (mostly between May and July) and maxima in the following winter. Maxima are reached between January and March at ice-poor sites, while the spread in maxima timing is wider at ice-rich locations. Due to the complex geometry of the Jungfrau East ridge borehole no comparable depth dependency of minima and maxima timing is possible here. Differences in minimum and maximum ground temperature at individual boreholes are only around 1°C (Figures 10C,D) with smaller variations for maximum ground temperatures. At permafrost-free sites hardly any depth dependent time lag occurs and minima and maxima at 10 m depth are delayed by only 1 month. This is, however, not true for minima timing in borehole Fluela B (Figure 10C). Here the abnormal pattern is due to subsurface ventilation leading to thermal anomalies (Phillips et al., 2009; Kenner et al., 2017b).



4.2.4 Zero Curtain

Spring snow melt causes water infiltration into the ground and thus triggers the spring zero curtain, whereby temperatures in the active layer remain at 0°C. Both latent phase change and convective water fluxes rapidly change ground temperatures, usually leading to shorter spring than autumn zero curtain periods (Figure 11). The duration of the autumn zero curtain depends on the amount of water in the ground that needs to freeze.
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FIGURE 11. Duration in days of spring zero curtains (downward pointing bars) and autumn zero curtains (upward pointing bars). Bars represent the time periods in all permafrost boreholes and when both spring and autumn zero curtains exist at the lowest sensor in the active layer (section “3.2.6 Zero Curtain”). Grey horizontal bars represent the mean of all (autumn respectively spring) zero curtain days over all boreholes that have data in that year. The coloured frames indicate the ice content of the boreholes: pink for ice-rich, and light blue for ice-poor locations.


The durations of the zero curtains vary strongly depending on the location. At locations less influenced by snow spring zero curtains are short as is the case for the rather steep talus slope Muot da Barba Peider as well as for the Hoernli hut site. At sites in flatter terrain with more snow (e.g., boreholes Schafberg B1 and B2, Ritigraben, Fluela A) prolonged spring zero curtains are observed. Long autumn zero curtains are observed at most locations (Figure 11), in particular at rock glacier Schafberg (B1, B2). Further, a high temporal variability of zero curtain duration is visible between the different years at all permafrost sites.



4.3 Taliks in Permafrost

Ground temperature data at certain depths indicate the presence of taliks (positive temperature anomalies in permafrost) in some boreholes, e.g., shown in the vertical temperature profiles (Figures 7B,D). Talik formation can be seen very clearly in the Ritigraben borehole (Figures 7D, 12), where a seasonal talik first formed in 2007 at 11–12 m depth.
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FIGURE 12. Contour plot of borehole temperatures in Ritigraben rock glacier (2002–2019). The talik is located at 11–12 m depth and started in 2007. The seasonal freezing (bluish colours) and thawing (reddish colours) periods (active layer thickness) at this ice-rich site are also shown. Gaps (white areas) are due to logger or battery failure.


A similar phenomenon can be observed in borehole B1 in the Schafberg rock glacier. Unfrozen zones are present around 4.7 m from 2016 onward (Figure 7B). In the beginning of 2019 a second talik started to form at 6.7 m depth and one appears to be forming at 11.2 m depth. The presence of taliks was confirmed by frequency domain electromagnometry measurements carried out in summer 2019 (Boaga et al., 2020). According to TLS data, only small signs of subsidence are visible directly at the borehole, but a stronger loss in surface height is occurring in the wider surroundings and the entire rock glacier shows a negative volume balance according to TLS measurements (Noetzli and Phillips, 2019). All taliks at Ritigraben and Schafberg B1 intensified in the years following their initial appearance.



4.4 Rock Glacier Dynamics

The rock glaciers Fluela, Schafberg and Ritigraben are located in different regions of the Alps (Figure 1). Rock glacier Fluela shows typical maximum rock glacier velocities in the range of a few dm a–1, while rock glacier Ritigraben is faster, reaching velocities up to 3 m a–1 at its front. The rock glacier sections Schafberg II and III of the Schafberg rock glacier complex move relatively slowly at a few cm a–1, while the front of Schafberg I reaches velocities of about 20 cm a–1.

All rock glaciers show a clear seasonal velocity signal with minima in spring and maxima in autumn (Figure 13; section “5.2 Rock Glacier Dynamics”). This signal is superimposed on inter-annual and multi-annual velocity changes. Although the absolute rock glacier velocities of Fluela, Schafberg I and Ritigraben differ strongly, similar patterns of inter-annual rock glacier velocity variations have been observed during the last decade (Figure 14A), which is also true for other rock glaciers in the Alps (PERMOS, 2019). There is a strong acceleration of all three rock glaciers between the years 2013 and 2015. This is followed by a pronounced deceleration in 2016 and 2017, as a consequence of snow-poor winters (Figure 5). Since 2017, all three rock glaciers have been accelerating again. Ritigraben rock glacier accelerated particularly strongly in the last 6 years, clearly exceeding the acceleration rates observed at the majority of rock glaciers monitored by the PERMOS network (PERMOS, 2019).


[image: image]

FIGURE 13. Horizontal rock glacier velocities [mm day–1] on the ice-rich rock glaciers Schafberg and Ritigraben from 2012 to 2019 derived from permanent GNSS observations. For Schafberg a 31-day moving mean and for the fast moving Ritigraben rock glacier an 11-day moving mean is shown (section “3.3.3 In-situ Global Navigation Satellite System”).
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FIGURE 14. Mean annual horizontal rock glacier velocity in [%] relative to the reference period 2013/2014 at (A) the ice-rich rock glaciers Fluela, Schafberg I and Ritigraben from 1955 to August 2019. (B) The three different rock glacier sections I, II, and III of the Schafberg complex. Data is derived from TLS since 2010. Earlier velocities are from swisstopo airborne images (photogrammetry) at Schafberg rock glacier and from tachymeter observations (data from Rovina & Partner AG) at Ritigraben rock glacier. Irregular tachymeter observations are shown for completeness and are discussed in Kenner et al. (2017a). Please note that the x-axis scale is not linear between 1955 and 2012, as indicated by the two slashes.


In Figure 14B the variability of rock glacier velocity of the three Schafberg rock glacier sections are shown. Although the annual variations of horizontal rock glacier velocity usually have the same sign, they can differ significantly within a site (just as they can between regions).



5 DISCUSSION


5.1 Evolution of Ground Temperatures

The effects of atmospheric changes and snow cover timing and depth (Keller and Gubler, 1993; Bernhard et al., 1998; Zhang, 2005) on permafrost conditions are various and strongly affect ground temperature, active layer, and zero curtain evolution. At snow-influenced monitoring sites snow-poor winters with a delayed snow cover onset (e.g., 2015–2016, 2016–2017; Figure 5) lead to efficient ground cooling and strong ground temperature decreases (e.g., years 2016, 2017 in Figure 6). In contrast, strong ground temperature increases (e.g., 2018, 2019 in Figures 6, 7) as well as prolonged autumn zero curtains (Figure 11) are caused by efficient ground insulation during winters with an early onset of a thick snow cover (e.g., 2017–2018, 2018–2019; Figure 5). During these years (2018, 2019), however, the active layer thickness remained nearly the same (Figure 8), but mean annual active layer thickness increased strongly (Figure 9). This shows that an early onset of an insulating snow cover does not necessarily involve active layer thickening, but causes longer periods with positive ground temperatures in the active layer, which were additionally prolonged by the long and warm summer periods. In contrast to snow-influenced sites, ground temperature and active layer thickness at the snow-poor and ice-poor steep rocky crests at Jungfrau East ridge and Hoernli hut increased over the past decade, which agrees with other observations in the European Alps (Magnin et al., 2015; PERMOS, 2019). These steep slopes are influenced very little by snow and ground temperatures closely follow air temperature evolution (Gruber et al., 2004; Haberkorn et al., 2015). At the rocky ridge sites Hoernli hut and Jungfrau East ridge ground temperature increases are only damped or interrupted during years with a comparatively low mean annual atmospheric 0°C isotherm, as was the case in 2016 and 2017 (MeteoSchweiz, 2020).

In the Alps as well as globally, ground temperature warming rates are higher the lower permafrost temperatures are (Etzelmüller et al., 2020). Changes in ice-rich and ice-poor mountain permafrost occur at different rates and with different consequences (Kenner et al., 2019a). At ice-poor locations a fast reaction of the active layer and of the uppermost part of the permafrost to atmospheric conditions is evident. Summer heat waves can immediately result in active layer thickening. At the ice-poor talus slope Muot da Barba Peider B1 active layer thickness only exceeded 1 m three times during our monitoring period, during the summer heat waves in 2003, 2015, and 2018 (Figures 8E, 9). In contrast to ice-poor sites, the temperature of ice-rich permafrost is nowadays often close to or at 0°C (Figure 6) and ground temperature variations are damped, as shown by the minimum and maximum ground temperature evolution (Figures 10C,D) and prolonged zero curtains (Figure 11) during which ground temperatures remain close to 0°C (Zenklusen Mutter and Phillips, 2012b). The effects of latent heat in ice-rich ground prevent further warming unless the ground ice has melted, which is indicated by small changes in active layer thickness (Figures 8, 9). However, in ice-rich ground the onset of permafrost warming and degradation is shown by talik formation and intensification (Figures 7B,D, 12). The timing of positive ground temperatures in the permafrost body of Ritigraben rock glacier correlates with the infiltration of snow melt water and precipitation pointing towards advective heat flow caused by lateral water flow (Zenklusen Mutter and Phillips, 2012b). The talik formation at borehole Schafberg B1 at 4.7 m depth (Figure 7B) surprisingly started between two winters with a delayed snow cover onset, suggesting that permafrost degradation is self-enforcing once critical amounts of ground ice are melted, and providing space for the establishment of advective heat fluxes.

The calculation of linear temperature trends at different depths can only be reliably assessed based on long-term ground temperature data as shown in Figure 6 (section “4.2.1 Linear Ground Temperature Trends”). The three longest time series of ground temperature measurements presented here cover more than 15 years and thus are still only half as long as the typical 30-year period used in climate change related studies to describe climate norms. These long-term data indicate an increase of ground temperature in all depths. In contrast, data series shorter than ten years partly show negative ground temperature trends. Our results show, however, that it can be assumed that in the long-term, these permafrost boreholes will also show increasing ground temperature trends. Thus, it is shown that shorter data series (<10 years) are not suitable to detect trends, especially at greater depths, where ground temperature variations are driven by long-term changes in the surface energy balance. These changes can only be reliably assessed based on long-term ground temperature data (approximately 30 years). Long-term ground temperature observations are, however, challenging due to several reasons including sensor drift (section “3.2.2 Sensor Drift”), sensor and/or battery failure. For example, in the data-set presented here only 8 years of overlap data without any data gaps exist for only three boreholes (Muot da Barba Peider B1, Schafberg B2, Ritigraben between October 2002 and October 2010) and all indicate a slight positive annual ground temperature trend during this period (not shown).



5.2 Rock Glacier Dynamics

Although acquired by different monitoring methods, the main multi-annual velocity pattern of the rock glaciers investigated here corresponds closely to that of the rock glaciers included in the PERMOS network (PERMOS, 2019). Nevertheless, we found that the results of single point measurement systems (GNSS, total station), obtained in PERMOS, can systematically deviate from the results acquired by area covering methods such as TLS.

Recent literature on rock glacier dynamics highlights the dominant role of water supply as a controlling factor for rock glacier deformation velocities (Jansen and Hergarten, 2006; Kenner et al., 2017a; Buchli et al., 2018; Cicoira et al., 2019a). This becomes most evident in the seasonal velocity changes of rock glaciers (Figure 13) which generally show a minimum in velocity at the beginning of snow melt in spring, followed by a pronounced acceleration during snow melt and a velocity maximum around the date of surface freezing in autumn. The snow cover has a major influence on the water budget of a rock glacier and differences in the inter-annual deformation pattern of individual rock glaciers (Figure 14) can therefore often be explained by different snow regimes (Kenner et al., 2019b). Years with a late snow cover onset can allow active layer freezing several months earlier compared to snow-rich winters with an early snow cover onset. The delayed snow cover causes a fast interruption of water supply into the rock glacier. Consequently, the winter deceleration is pronounced and the rock glacier velocity decreases on an annual basis (e.g., year 2017 in Figure 13). Further, the start of snow melt controls the beginning of the seasonal rock glacier acceleration (Kenner et al., 2019b). As the snow cover influences ground temperatures and the duration of the autumn zero curtain, the latter two can to a limited extent be used as a proxy for the amount and duration of water supply to a rock glacier as well as for rock glacier velocity (Kenner et al., 2019b).

Superimposed by high inter-annual variations, a general trend towards higher deformation velocities of ice-rich permafrost has become evident over the last decades (e.g., Ritigraben rock glacier). Causes are surmised to be a generally increasing water supply to the shear horizons of rock glaciers (e.g., through delayed freezing of the active layer in early winter and early snow melt in spring), induced by climate warming. Warming of the ground and ice melt can furthermore increase the permeability of permafrost bodies, causing a higher ratio of the precipitation runoff to reach the rock glacier shear horizon. In some rock glaciers such as Ritigraben, these processes might cause a self-intensifying acceleration which can in some cases lead to the collapse of large parts of the rock glacier body (Marcer et al., 2019). According to the ground temperature measurements, the strong acceleration of the Ritigraben rock glacier (Figure 14A) might be related to its isothermal state near 0°C during the last years and practically non-existent winter cooling, especially in 2018 and 2019 (Figures 6A–C, 7D).



6 CONCLUSIONS AND OUTLOOK

In this study the evolution of ground temperatures measured in 9 SLF boreholes and velocities of 3 rock glaciers measured using TLS, photogrammetry and GNSS stations are analysed. For the monitoring period between 1997 and 2019 Switzerland has experienced 18 of 23 years with mean annual air temperature above the 30-year climatic mean (1981–2010). Long-term ground temperature trends indicate an increase of ground temperatures at all depths, in particular at steep and nearly snow-free sites, while shorter data series (less than 10 years) partly show negative ground temperature trends due to short-term weather fluctuations (e.g., snow-poor winters). It is underlined that short data series are not suitable for trend detection, but can be used to see whether inter-borehole temperature variations show similar behaviour.

In addition, it is observed that the active layer is thickening at most sites. The mean annual active layer thickness increase since 2017 indicate prolonged periods of active layer thaw. Maximum and minimum ground temperatures are increasing (only interrupted by individual cooling events) and a considerable damping of annual minima variations at permafrost sites is observed, resulting in lower amplitudes between minima and maxima. Furthermore at most SLF permafrost sites long autumn zero curtains are observed, while spring zero curtains are shorter, in particular at steep, snow-poor sites. Taliks formed in two rock glaciers and spread in the years following their initial appearance.

In general, a strong acceleration of rock glacier velocities can be observed over the last decade, only interrupted in years with snow-poor winters. Within a site rock glacier velocity can differ significantly. Similar patterns of inter-annual rock glacier velocity variations are, however, apparent.

Recent climate change scenarios for the Swiss Alps predict further climate warming accompanied by more frequent weather extremes. This implies that permafrost degradation will continue, particularly in sensitive ice-poor permafrost and that rock glaciers will continue to accelerate in future due to increases in summer precipitation intensity. Mountain permafrost monitoring must therefore continue on a long-term basis. It is essential to complement existing measurements with new ones, for example to monitor changes in the water to ice ratio, especially in ice-rich permafrost. Although water fluxes and taliks can be detected thermally, temperature data do not allow to determine the proportion of water to ice in ice-rich permafrost, as both can be at 0°C due to latent heat effects. Water contents in ice-rich permafrost should be monitored in future using geophysical measurements (e.g., permanent electrical resistivity tomography, electromagnetometry), as rising water contents and water fluxes in shear horizons have likely led to the acceleration of rock glaciers in the past two decades. This might increase the frequency of active layer failure and debris released from steep rock glacier tongues. In addition, more information on ground temperature evolution in steep, ice-poor rock is urgently needed for both institutional and national permafrost monitoring networks, because our data reveal the strongest ground temperature increase here. This would allow to understand the complex interactions between the climate, ground temperatures and permafrost dynamics better and thus the prediction of natural hazards originating in permafrost areas could be improved.
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