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ABSTRACT

In this study we investigate the influence of global warming on high alpine rockfall events. We analyse rockfall events based on airborne
laserscanning data between 2006 and 2017 on a regional scale for the Otztaler and Stubaier Alps. The results show a spatial relationship
between rockfall activity and glacier retreat and permafrost degradation. Two thirds of the mapped rockfall events took place in areas af-
fected by recent permafrost thawing and glacial retreat. To differentiate between single and multi-phase failure we selected a high alpine
study site and analysed rockfall activity by terrestrial laser scanning with a higher spatial and temporal resolution. Preliminary results show
an exceptionally high level of rockfall activity during the extraordinary warm months July and August 2023. The aim is to relate the timing

of rockfall events to meteorological factors to gain a better understanding of how meteorological conditions affect rockfall activity.

INTRODUCTION

The European Alps are among the regions that are most affected by global warming. One of the most visible impacts is the retreat of gla-
ciers, which has been ongoing for many years. Further, the degradation of permafrost affects high alpine rock walls. Susceptibility to slope
instability is due to complex interactions of topography, geological and geomechanical characteristics, hydrological settings, cryospheric
conditions, as well as meteorological and climate factors. Changing boundary conditions because of global warming and a change in one
of these settings can affect slope stability and act as a preparatory or triggering factor (Fischer et al. 2012, Ballantyne 2002). In this study
we present rockfall inventories on regional and local scale for the Stubaier and Otztaler Alps, Austria. The regional scale rockfall inventory
is based on airborne laserscanning data from 20006, 2010 and 2017. The local scale rockfall inventory is based on terrestrial laserscans of a
cirque highly affected by glacial retreat and permafrost degradation. The aim of this study is 1) to quantify the rockfall events and volume
in high mountain areas, ii) to analyse the rockfall process area with regard to permafrost occurrence and vicinity to glacial retreat, iii) to
distinguish single and multi-phase rockfall events, and iv) to create a database with magnitude and failure time of the events to analyse the

local meteorological conditions at and prior to the rockfall.

METHODS

The regional scale rockfall inventory of the Stubaier-Otztaler Alps covers an area of about 2160 km? and is based on digital surface models
(DSM) derived from airborne laserscanning (ALS) data. The ALS data from 2006 and 2017 was provided as a DSM with a raster resolution
of 1 m from the federal state of Tyrol. Additionally, an ALS dataset from 2010 (provided from TIWAG, Tyrolean Hydropower) with an area
of 610 km? covering the backmost Otztaler Alps (Figure 1) was considered to improve the understanding of single and multi-phase rockfall
processes. The analyses are based on a DSM of difference (DoD) which was created by the subtraction of the two datasets. We used a DSM
instead of a digital elevation model (DEM) to avoid errors resulting from different point cloud ground classification filters used to prepare the
DEMs. Further we only considered the area above the treeline for the rockfall inventory. The rockfall scarps were mapped by using the DoD
and ortho-images as auxiliary information. The main challenge is to distinguish between data uncertainties (registration/strip adjustment
errors), changes from snow cover and real rockfall scarps. To analyse the influence of permafrost, we modelled the mean annual ground
temperature (MAGT) by the approach of Kenner et al. (2019), which uses a simplified surface-energy balance based on altitude and energy
income from solar radiation. Further, areas with glacial retreat were identified using the glacier inventory from the little ice age maximum
(Grof} and Patzelt, 2015), and the years 1998 (Kuhn et al. 2015), 2006 (Fischer et al., 2015), and 2015 (Buckel and Otto, 2018). For each
identified rockfall scarp the failure volume, elevation above sea level, slope, aspect, the MAGT and the timing of deglaciation was calculated.
The local scale rockfall inventory is located in Stubai valley, Tyrol (Austria) and comprises a glacial cirque with an area of about 0.1 km2. The
investigated rock slopes are predominantly exposed from North-West to North-East with an altitude ranging from 3000 — 3400 m.a.s.l. The
rock walls enclose a glacier which underwent significant ice loss during the last decades. The 3D surface was acquired by a Riegl terrestrial
lasercanner (TLS) VZ4000. Six scan positions were required to cover the entire cirque. To date, two TLS campaigns have been conducted,
one in late June and one in September 2023. The TLS datasets were combined with the ALS point cloud from 2017 to get information about
changes between 2017 and 2023. Rockfall events, which occurred from 2017-2023, were identified and quantified by a 3D approach. Steep
rock faces are not covered well in 2.5D raster data due to the horizontal projection of the elevation data to a XY-plane. A 3D approach has
the advantage to identify rockfall even in steep rock walls. In a first step, the 3D distances from point cloud of epoch 1 to point cloud of

epoch 2 were calculated. Areas with a change higher than a level of detection (LoD, Fey and Wichmann 2016) were extracted from both
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point clouds and then merged into a single dataset. The merged point cloud was filtered by reflectance to exclude changes from snow/ice
melt and to areas with slope angles higher than 50°. The remaining points were then clustered to individual outbreak areas for which the
volume can be calculated by constructing an enclosing 3D triangle mesh. The mesh is constructed as alpha shape, which is a generalization

of the convex hull that also depicts concave structures.

RESULTS AND DISCUSSION

So far we identified more than 700 rockfall case studies between 2006 and 2017 based on the regional rockfall inventory (Figure 1). We only
considered rockfall volumes greater than 50 m3. Due to data uncertainties rockfall locations with a smaller volume were difficult to identify.
At seven locations the magnitude exceeds a volume of 100.000 m3. Analyses of the regional rockfall inventory show a significant increase of
rockfall locations for slopes affected by glacial retreat and permafrost degradation. More than two thirds of the identified rockfall scarps are
located at slopes with a MAGT below zero and at slopes with an exposition ranging from north-west to north-east which represents only
19 % of the entire potential rockfall area. Identification of single or multi-phase events is challenging due to the lack of terrain data (ortho-
images, digital terrain models) from additional points in time between 2006 and 2017. Even for the larger rockfall volumes it is not always
possible to distinguish between talus and fresh rockfall events. The temporal classification of the rockfall events is even more challenging.
Especially in areas not adjacent to high alpine infrastructure, it is almost impossible to date the events. In some cases, for large events, time
lapse data from high resolution satellite images can help, but most of the smaller rockfall events cannot be attributed to a specific time or
even a time range.
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Figure 1: Preliminary regional scale rockfall inventory based on ALS data with rockfalls occurring between 2006 and 2017.

For a better understanding of the timing and processes, the local rockfall inventory will be used. First results from the two TLS campaigns in
June and September 2023 reveal several hundreds of block failures and scarp areas with a volume up to 2700 m? within the glacial cirque.
For some areas, which were active in the summer of 2023 (TLS, local scale), no activity was mapped in the ALS (regional scale) 2017-2023
observation period. Yet, for other areas in the cirque a consistent activity was observed. In these areas, multiple smaller-scale failure events
are responsible for the accumulation of the calculated total volume. Figure 2 shows an active rock slope area where toppling and sliding
processes can be observed as preparatory processes prior to rockfall failure. The rockfall failure volume of the marked scarps in Figure 2 is
2100 m3 for the time span of about 6 years between 2017 and June 2023 and 2900 m? for the two months in summer 2023. A high increase

of rockfall activity in the summer of 2023 can be observed for the entire catchment area. In high mountain areas, July and August 2023
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were 2.8 C° warmer compared to the climate period 1961-1990. Further, the highest ever measured temperatures in high mountains were

recorded during the heat waves in August 2023.

" Scarps

~ [ 108/2017-29/06/2023

~ [129/06/2023-06/09/2023
Difference

~[m]

<20

B 1-1-05
[1-05--025
[1-0.25-0
SV [ 10-0.25
SN (10.25- 0.5
N 10.5-1
=[]1-25
§m25-5
 Em5.0-10
o I 10- 20
e Il > 10

20 510 20
—— Meters%

O Ty N AN E SO s
Figure 2: Subset of the TLS based local rockfall inventory with changes between i) 08/2017 - 29/06/2023 (upper image, TLS in combination with ALS) and ii) 29/06/2023 to 06/09/2023
(lower image, TLS data).

In order to improve process understanding and the temporal classification of events, a higher temporal resolution of the terrain data acqui-
sition is necessary. For next summer, a higher number the TLS campaigns as well as the installation of a webcam and a ground-based radar
are planned. The exact date of a rockfall event is required to analyse the local meteorological conditions at and prior to the rockfall. The
main goal of the analyses it to identify common features of individual events and to quantitatively describe the meteorological processes
triggering the events. These results will be used to investigate the impact of changing boundary conditions and triggering factors on the

formation and deformation behaviour of rockfalls from the last decades.

CONCLUSIONS

Results from the regional rockfall inventory show a strong link between rockfall activity and glacier retreat and permafrost degradation.
Two thirds of the mapped rockfalls are located in areas affected by recent permafrost thawing and glacial retreat. Results from the local
rockfall inventory show a high activity of rockfall in northern exposed rock walls in summer 2023. First comparisons of the rockfall activity
and volume within the period 29th of June to 5th of September2023 with the much longer period August 2017 to the 29th of June 2023
suggest an exceptionally high rockfall activity during the extraordinary warm summer 2023. In summer 2024 a higher temporal resolution
of the TLS campaigns and a continuous monitoring by a webcam and a ground-based radar will be implemented. The aim is to relate the

timing of rockfall to meteorological conditions and to gain a better understanding of how meteorological conditions affect rockfall activity.
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