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ABSTRACT

Despite heavy attention towards climate change and its impacts on high-alpine regions the quantitative understanding of permafrost degra-
dation and its effects on the occurrence of natural hazards has remained surprisingly limited. Here we present a summary of decade-long
research activities focusing on warming-related changes in high-alpine permafrost environments in the Hohe Tauern Range (Salzburg, Aus-
tria). We introduce long-term monitoring data from the Odenwinkel, Sattelkar and Kitzsteinhorn, the latter of which represents one of only
two sites in Austria with direct permafrost temperature monitoring. We show recent how permafrost thaw modifies spatiotemporal hazard

patterns and contributes to significantly increased rockfall activity, soil subsidence and creep, and large-scale slope movement.

INTRODUCTION

The European Alps are strongly affected by recent climate warming. Since the late 19th century warming in the Alps has more than dou-
bled the global mean temperature rise (Begert & Frei 2018). As a result, the high-alpine cryosphere ranks among the most heavily affected
geomorphological process domains. The most visible and well-documented changes refer to the significant recession of glaciers in the Alps
and other mountain regions around the globe. Changes related to the warming or thaw of permanent ground ice (permafrost) are less
visible and usually much more complicated to monitor. Long-term time series on permafrost-related changes has therefore remained scarce
and monitoring efforts have remained restricted to relatively few sites. Here we address this gap by presenting a synopsis of more than a
decade of permafrost-related research in three high-alpine study sites in the Hohe Tauern Range and show how permafrost thaw causes an

increased occurrence of natural hazards.

METHODS & STUDY SITES

In this contribution we present long-term monitoring results from three different permafrost-affected study sites in the Hohe Tauern Range
that have been investigated with a wide range of methods. Study site A is located in the summit region of the Kitzsteinhorn (Glockner-
gruppe) and hosts a long-term geoscientific monitoring of atmospheric, surface, and subsurface conditions that investigates climate change
impacts on rock stability in high-alpine environments. Borehole measurements to monitor bedrock temperature, deformation (inclinometer)
and pore water pressure (piezometer) represent the core of the monitoring. Further subsurface measurements include rock anchor load
cells to monitor rock contraction/expansion and geoelectrical measurements to record water flow in fractures. Surface change detection
at the Kitzsteinhorn is based on tiltmeter and crackmeter measurements, as well as extensive remote sensing surveys which include UAV
photogrammetry, terrestrial LIDAR and satellited-based InSAR.

Study site B (Sattelkar, Obersulzbach valley) is a high-alpine cirque occupied by large volumes of sediment including a former rock gla-
cier, which have been incorporated into a large landslide. In recent years, large debris flows were triggered from the Sattelkar, which have
caused significant damage to downstream infrastructure (railway, roads, water lines) and thus pose a serious safety risk. Surface change
detection at the Sattelkar site was performed with UAV-based high-resolution photogrammetry. In addition, a fully automatic webcam and a
passive seismic monitoring system was installed to characterize mass wasting activity. Ground thermal conditions were recorded based on
near-surface temperature measurements at 0.1 m depth. The thickness of the slide was constrained with ERT (electrical resistivity) and GPR
(ground-penetrating radar) measurements.

Results from study site C (Odenwinkel, Stubach valley) are based on airborne and terrestrial LIDAR surveys. From 2008-2019 the rockwalls
next to the Odenwinkelkees were scanned to identify rockfall source areas. The studied rockwalls are primarily north- and west-facing and
consist of schists and gneissic rocks. The rockwalls have an average height of about 500 m and a surface area of around 2 mio. m? while
spanning an elevation range between 2400 and 3500 m a.s.l.. The adjacent Odenwinkelkees has retreated significantly and since 1850 lost

approximately 40 % of its area and 75 % of its volume.
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Figure 1: Overview of the three study sites presented in this contribution. At study site A ((denwinkel) rockfall activity in a permafrost-affected rockwall was monitored for more than a
decade, at study site B (Sattelkar) risk-relevant mass wasting following the disintegration of a rock glacier was quantified, and at study site C (Kitzsteinhorn) an extensive open-air-lab was

established to study the warming-related modification of rock stability in high-alpine regions.

RESULTS AND DISCUSSION

The Kitzsteinhorn (study site A) is one of just two locations in Austria where permafrost temperature and permafrost active layer thickness
are directly monitored (Hoher Sonnblick is the other). Results from borehole B1 (20 m deep), located in the vicinity of the cable car top
station (3030 m a.s.l.), demonstrate a clear permafrost warming trend that is evident at all depths (Figure 2). From 2016-2023 the maximum
depth of the active layer fluctuated between 3.7 m and 4.2 m, with a mean growth rate of 5-10 cm per year. Load measurements carried out
at the heads of three 25 m long rock anchors furthermore confirmed that active layer thickening (due to climate warming) has a significant
impact on bedrock stress as seasonal thaw of ground ice reduced the measured anchor loads by up to 25 % (-100 kN). Rockwall monitoring
with terrestrial LIDAR and UAV photogrammetry revealed an eight-fold increase in rockfall activity in terrain that has been deglaciated in
the last years and decades. One of the main drivers of these intensified rockfall dynamics most likely is the formation of an unfrozen layer
(active layer) in areas that remained frozen for the past millennia and have now been exposed to atmospheric forcing by retreating/thinning
glaciers (Hartmeyer et al. 2020a, Hartmeyer et al. 2020b). Further surface measurements demonstrate intense, near-surface soil creep and
subsidence in ice-rich debris accumulations due to internal ice melt, while inclinometer surveys in 30 m deep boreholes indicate stable

conditions and no deformation at large depths (> 5 m).
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Figure 2: Thermal trends at borehole B1 at the Kitzsteinhorn (2016-2022). Significant warming is observed at all depths.
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Analysis of aerial footage and hydrological discharge data for the Sattelkar (study site B) suggests that heavy rainstorms in the early 2000s
initiated erosion in the lower sections of the cirque, and eventually led to retrogressive mobilization of the entire slope including the disin-
tegration of the local (inactive) rock glacier and adjacent rockfall deposits. Permafrost thaw thus is not considered as the main trigger of the
massive Sattelkar slide but much rather as a significant quantitative contributor to the massive volume of the Sattelkar slide whose volume is
estimated to be 1-2 mio. m3 based on UAV photogrammetry and geophysical soundings. The root zone of the slide is characterized by slow
creep rates (< 10 m a-1), while the lower part of the slide shows extremely high flow rates (> 50 m a-1). Over the twelve-year observation
period (2010-2022) around 800.000 m3 of talus and debris were eroded from the Sattelkar, in large parts during debris flow events with
maximum volumes of 50.000-100.000 m3. About 500.000 m? were deposited on the valley floor below the cirque and contributed to the for-

mation of a large debris flow fan (Figure 3). The difference (300.000 m3) was evacuated by the Obersulzbach and transported downstream.
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Figure 3: Erosion (red) and accumulation (blue) at the Sattelkar and the valley floor of the Obersulzbachtal. More than 800.000 m? were eroded from the Sattelkar between 2010 and 2022.

During the long-term rockwall monitoring campaign at the Odenwinkel (study site C) 23 large rockfalls (> 100 m3) were identified with a
total volume of more than 25.000 m? (largest single event 6.800 m3). Spatial analyses demonstrated a significant concentration of rockfall
source areas in the lower rockwall sections and a decrease in rockfall failure depth with increasing elevation (Figure 4), which is consistent
with the altitudinal decrease of the maximum active layer thickness. The base of the investigated rockwalls (2500 m) represents the lower
permafrost boundary characterized by warm permafrost temperatures and large thaw depths in summer. Colder temperatures and reduced
thaw depths are expected for the upper rockwall sections. Obtained monitoring results are in agreement with regional-scale investigations
from the Western Alps (Fischer et al. 2012, Kenner & Phillips 2017), which point to increased mass wasting along the lower permafrost
boundary. Data acquired at the Odenwinkel likely represents the first direct evidence of elevation dependent destabilization driven by
permafrost degradation at the scale level of a single rockwall/cirque emphasizes the importance of permafrost degradation (active layer
deepening) as key driver of high-alpine rockfall activity.
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Figure 4: Rockfall source areas in the rockwalls surrounding the (denwinkelkees glacier. From 2008-2019 a total number of 23 rockfalls (> 100 m3) was identified, which showed a significant

concentration in the lower sections of the studied rockwalls.

CONCLUSIONS

In this contribution we briefly summarized research results from three high-alpine monitoring sites located in the Hohe Tauern Range
(Kitzsteinhorn, Sattelkar, Odenwinkel). Our findings demonstrate a significant modification of the occurrence of natural hazards associated
to permafrost thaw. We observed significantly increased rockfall activity in recently deglaciated terrain (Kitzsteinhorn) and along the lower
permafrost boundary (Odenwinkel), soil subsidence and creep due to ground ice melt (Kitzsteinhorn), and large-scale slope movement
(Sattelkar), all of which are at least partly driven by permafrost degradation. The intensity of the observed processes is most likely unprec-
edented in younger human history and historical records and patterns are therefore no longer valid indicators of future events. Long-term
monitoring with a wide range of complementary methods has thus become indispensable and represents the basis for sustainable infrastruc-

ture operation and for the establishment of efficient early-warning systems.
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