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ABSTRACT

Landslide processes are a hazard related to steep alpine terrain and are an important driver of alpine landscape evolution. In high alpine
terrain processes are strongly influenced by permafrost thawing and glacier retreat driven by climate change. Therefore, rockfall and rock-
slide processes and activities are studied on a local scale, through the establishment of an in situ rockfall/rockslide laboratory in the Stubaier
glacier area in Tyrol (Austria) an area affected by glacier retreat and thawing permafrost. Using a multi-methods and multi-sensor approach,
we enable long-term monitoring of rocks slopes affected by permafrost thawing and glacier retreat. Our approach is based on remote sens-
ing campaigns, geological survey, and meteorological data, we intend to achieve a more complete understanding of the involved processes

and their interactions.

INTRODUCTION

Rockfalls and rockslides are a common hazard process in steep alpine terrain and are a major factor of alpine landscape evolution (Kraut-
blatter and Moore, 2014). They occur in a wide variety of settings and as a response to various triggering factors (Hungr et al., 2014). In
high mountain environment landslide processes are strongly influenced by climate change, due to thawing of permafrost and the retreat of
glaciers (IPCC, 2019).

[Figure 1 shows the location of the study area. The light red and brown markers show the locations of the data loggers, the green markers show the positions of the TLS scans and the blue

rectangle shows the area of Figure 2.]

The study area is located at an altitude between 2500 and 3332 m a.s.l. at the end of the Stubai valley in Tyrol, Austria (Fig. 1). There are
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three glaciers in the study area, the north facing Schaufelferner, the southeast exposed Gaiskarferner and the southwest facing Windacher
Ferner. This site was chosen because it has rock faces exposed in all directions, were recently deglaciated and are most likely in a permafrost
environment. The study location is also easily accessible by the cable car facilities of the Stubaier Bergbahnen. Geologically, the study area
consists of polymetamorphic paragneiss of the Otztal Kristallin (Geofast-GBA 2012).

Geologic site characterization, temperature monitoring, rockfall and rockslide event documentation, terrain changes, and deformation meas-
urements will be conducted with the goal of determining dependencies of rockfall/rockslide events on temperature changes and meteoro-
logical parameters associated with climate change scenarios. Climate change scenarios will be used to simulate future trends in rockfall and
rockslide activity. Using a multisensor approach, we aim to collect data from the active layer of the rock and the movement of the rock in
the diurnal and seasonal cycle to describe rockfall processes with high temporal resolution.

The establishment of this in situ rock laboratory is part of the CAUTION project and focuses on the effects of climate change on gravitation-
al mass movements of different forms in high alpine areas. Selected case studies will be used to analyse in detail the physical, economic,
institutional, and social aspects as well as the interactions between them, and to relate them to climate change projections. This project is
funded by the Climate and Energy Fund, carried out within the program "14th Call Austrian Climate Research Programme - ACRP", and is
assigned to topic 2 "Specific support for Austria's policymakers".

The aim of the in-situ rock slope laboratory is to investigate the future development of rockfall/avalanche and landslide activity beyond the

project duration in the coming decades, in order to be able to use the data obtained to make statements on hazard assessment in the future.
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[Table 1: Methods used A-E]

We used terrestrial (TLS) and airborne laserscans (ALS) to analyse the rockfall activity. The ALS data from the years 2006 and 2017 was pro-
vided from the federal state of Tyrol. Additionally, two TLS campaigns with a Riegl VZ4000 scanner were carried out in the summer of 2023
in order to improve the temporal resolution and to cover sub-vertical rock faces. In the future, it is planned to conduct multiple TLS scan
campaigns every summer. Pre-processing and transformation of the raw data is performed using a relative registration and georeferencing
approach (Fey, 2018), using the software RiSCAN Pro (Riegl, 2013). After the pre-processing the software SAGA GIS (SAGA, 2015) and QGIS
(QGIS.org, 2023) is used for surface deformation analyses. Furthermore, orthophotos of the study area from the years 1970 to 2017 are
available, on which the evolution of the landscape over the last decades can be observed. To document changes in the landscape, images
are captured with an Unmanned Aerial Vehicle (UAV) to create high-resolution orthophotos and 3D models using the SfM photogrammetric
software Agisoft (Agisoft, 2016).

For inaccessible areas, the structural geology surveys is analysed based on the point clouds from the TLS campaign because the terrain is
largely inaccessible due to rockfalls. Where access is possible, traditional methods of structural geology and geology surveys are used; in
addition, as shown in Table 1, geomorphology and partial glacier retreat are also mapped in the field.

In addition to weather station data like temperature, precipitation, snow cover, rainfall and wind, numerous temperature data loggers were
installed in summer 2023. The data loggers were placed at various exposures and heights above the glacier at 20 and 30 cm depths of the
rock. They have an accuracy of 0.1°C, a resolution of 0.01°C, and are saving datapoints every 15 minutes. The data readout is done on site via
near field connection (NFC). In addition, a method for measuring the surface temperature of the rock using a (UAV) with a thermal imaging
camera was developed. The thermal images are processed for use in a photogrammetric software to obtain a raster dataset of rock surface
temperature values. The aim is to use the thermal images to identify structures in the rock that allow conclusions to be made regarding the

structural and mechanical properties of the rock.
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RESULTS AND DISCUSSION

[Figure 2 shows the difference model of the ALS scans and the glacier extent between the years 2017 and 2006. The threshold for the displayed elevation change is set to +/- 1 meter due

to measurement uncertainties, for areas with change below this threshold the color gradient is transparent.]

The differential maps (Fig 2) of the study area shows a massive loss in depth of the three glaciers between the years 2006 and 2017. For
the Gaiskarferner and Windacher Ferner it shows more than 30 meters and for the Schaufelferner more than 20 meters of ice loss. We used
orthophotos and other available data to help interpret the processes correctly, such as not mixing landslides with anthropogenic changes. It
is visible that the glacier tongue has retreated very far in some places. For this purpose, the glacier levels of Schaufelferner, Windacher Ferner
and Gaiskarferner were reconstructed using orthophotos, digital surface models (DSMs) and the DEM of difference (DoD). The dotted line
shows the glacier level in 2017, the dashed-dotted line the glacier level in 2006 (Fig 2). The retreat at Schaufelferner is partly more than 300
meters in length in the area of the tongue. In the area of the accumulation zone, the retreat at the north-facing Schaufelferner is less than,
for example, at the south-facing Gaiskarferner. The difference model (Fig. 2) also shows the influence of snow depots on the Gaiskarferner,
which slows down the ice mass loss. The differential model was also used to identify landslides between 2006 and 2017, marked with a red

dot in the map (Fig.2).
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[Figure 3 shows the sites of the temperature measurement locations with the related time series. On the map, the surface temperature of the rock surfaces is illustrated in color. Zones that

do not contain any information about the temperature are shown transparently. Picture (a) shows a data logger mounted in the rock.]

At the end of June 2023, the first seven temperature data loggers (Fig 3a) were installed at a depth of 20 cm in the Eisjoch area (Fig 1). The
measured values were read out for the first time at the beginning of September (Fig 3b to 3h). The graphs (Fig. 3b to 3h) show the strongly
varying daily course of the heating. While the data logger (Fig 3h) oriented to the southeast (azimuth 115°) measures a temperature differ-
ence of more than 10°C during the course of the day, the highest temperature differences are only about 5°C for the data logger (Fig. 3f)
oriented to the northwest (azimuth 325°). In September, the area around the Eisjoch was investigated for the first time using an UAV with

thermal photogrammetry. The resulting grid (Fig. 3) clearly shows the different heating of the rock surfaces on 08/09/2023 at 9 o clock AM.

CONCLUSIONS AND OUTLOOK

It turns out that the glacier retreated very strongly in the years 2006 to 2017. A further retreat of the glacier was evident during the on-site
inspection and the TLS data recorded. First results from TLS data indicate a high frequency of rockfall. Next summer, we paln to increase
the number of TLS campaigns and UAV flights, whit the aim to increase temporal resolution and identify the date of single rockfall events.
The installation of additional temperature sensors as well as extensiometers for in situ deformation monitoring is planned for the future.
Suitable locations were identified during site visits. The installation of additional measuring devices is scheduled to begin in the summer of

2024. The extensiometers will measure the opening widths of cracks with high temporal resolution during the daily and seasonal cycles.
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