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ABSTRACT

Gravitational mass movements and erosion are among the main natural processes that affect the durability of alpine infrastructure. Earth
observation (EO) and geoinformation technologies allow mapping and modelling of mass movement information and assessment of the
impact on alpine trails and huts. Therefore, they have the potential to provide information to support alpine infrastructure management. This
contribution presents EO-based products created for this purpose, including mass movement inventories, slow slope movement estimations,
mass movement susceptibility, rockfall models, erosion activity, and maps that assess the impact of mass movements on alpine infrastructure.

Validation with trail keepers confirmed the potential utility of the results in practice.

INTRODUCTION

Alpine trail and hut infrastructure is a strong asset for summer tourism in the Austrian Alps. However, maintaining alpine infrastructure is
expensive and demanding for the Alpine associations. Natural processes, such as precipitation and runoff are a persistent cause of trail ero-
sion. In addition, geohazards such as landslides, mudflows, and rockfalls frequently cause damage to trail networks and hut infrastructure
(Figure 1). Such events can cause temporary closure of popular hiking routes, hinder hut access, or damage water sources and other hut in-
frastructure. Two current trends reinforce this dynamic: first, alpine activities such as hiking have shown a rise in popularity which is placing
increased demands on infrastructure (Probstl-Haider et al., 2016); and second, climate change leads to an increase in mass movements due
to more frequent and intense heavy rainfall events, glacier retreat, and permafrost degradation (Gariano & Guzzetti, 2016). Consequently,
Alpine associations face increasing requirements for trail and infrastructure maintenance. Therefore, they require suitable and reliable in-
formation on gravitational mass movements and erosion (Albrecht et al., 2020). There are limited studies addressing the interaction of mass

movements with alpine infrastructure, for example, Raso et al. (2019) in Italy and Jones et al. (2020) in Nepal.

Figure 1: Examples of mass movements and erosion processes impacting alpine infrastructure in Austria: a) erosion that affects a trail crossing a ditch, b) rockfalls — impact craters left by
rockfalls on the alpine meadow and trail, c) a large rockslide that buried a trail, d) a re-established trail in the debris deposits following a debris flow event, e) a shallow landslide beneath a
trail, and f) a deep-seated landslide that potentially causes damage to a hut and surrounding infrastructure situated in the centre of the slide. Photos: F. Albrecht, 2021 (a, b, and e}, L. Abad,

2019 (c), D. Hélbling, 2017 (d). Background data: Pléiades (f).
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Earth observation (EO) methods and geospatial technologies for mapping and modelling mass movements can support the need for such
information (Albrecht et al., 2020). In the project MontEO (“The impact of mass movements on alpine trails and huts assessed by Earth
observation (EO) data”), funded by the Austrian Research Promotion Agency (FFG), we aimed to exploit satellite imagery and digital eleva-
tion models (DEMs) to obtain practice-oriented information on gravitational mass movements for alpine infrastructure management. In this
contribution, we present the requirements analysis and EO-based techniques for information extraction, mass movement modelling, and
impact assessment. We show selected results from study areas in Austria, particularly maps of mass movements and their impact on alpine

infrastructure and discuss their usefulness in practice.

METHODS

In the first step, we analysed the needs and requirements of alpine infrastructure management for information on gravitational mass move-
ments. Second, we identified mass movements using optical satellite data to supplement existing inventories from authorities, and synthetic
aperture radar (SAR) data to identify slow slope movements. Third, we modelled mass movement susceptibility (including three different
classes, i.e., slide or flow, rockfall, and other process type), rockfall and erosion activity, and assessed their impact on alpine infrastructure.
Finally, we assessed the results in the field and conducted a workshop with trail keepers to evaluate the usefulness of the mapping results

in practice.

For the user requirements analysis, we followed the approach of Albrecht et al. (2016), who analysed user requirements for an EO-based
landslide information web service. We prepared a guideline questionnaire for semi-structured interviews. We performed 12 (group) inter-
views with 19 interview partners who identified themselves as trail officials, trail keepers, and hut keepers (with trail keeping duty), asked
with them which information on mass movement could support alpine infrastructure management and identified information needs. Based
on the interview protocols, we identified the roles of users, their tasks, and use case scenarios. The interviews provided a large number of
cases where mass movements and erosion caused damage to alpine infrastructure. This information was coupled with reported efforts to
repair and maintain the damaged alpine infrastructure. More details on the findings of the user requirements analysis can be found in Albre-
cht et al. (2020). The user requirements guided us to prepare better tailored maps of mass movement information and alpine infrastructure

assessments in Austrian study areas in Salzburg, Upper Austria, and Tyrol.

To create mass movement inventories, we relied on existing inventories from authorities and complemented these databases with visual in-
terpretation based on Sentinel-2 imagery (cf. Abad et al., 2022). This enabled the inclusion of additional mass movement locations in remote
mountainous areas that were not present in the existing inventories. The combined inventory data were used as the basis to calculate mass
movement hotspots and as inputs for susceptibility mapping. Additionally, we used very high-resolution Pléiades (3 m) satellite images to
semi-automatically create land use and land cover (LULC) maps using object-based image analysis (OBIA) techniques. The LULC maps were
used as input for rockfall and erosion modelling. The identification of slow slope movements was done by applying the persistent scatterer
interferometry (PSD technique. PSI is a specific differential interferometric synthetic aperture radar (DInSAR) technique which allows meas-
urements in the range of millimetres (Crosetto et al., 2016). We used more than 30 freely available Sentinel-1 SAR images to detect slow

slope movements to obtain a more complete picture of the different mass movements in the study areas.

To assess the mass movement susceptibility of alpine trails and huts, we applied and compared two statistical methods, i.e., logistic regres-
sion and informative value. Besides the mass movement inventories and alpine infrastructure data derived from OpenStreetMap (OSM), nine
conditioning factors (terrain derivatives, landscape, and geological factors) were used for susceptibility mapping. The final mass movement
susceptibility has spatial resolution of 10 m. Details on the mass movement susceptibility mapping, limitations of the conditioning factors,

and the performance of the two methods can be found in Abad et al. (2022).

Furthermore, we modelled rockfalls based on a DEM using a probabilistic, process-based rockfall trajectory model (Rockyfor3D) that com-
bines physically-based deterministic algorithms with stochastic approaches (Mateos et al., 2016). Rockfall may set loose from slopes above
a certain slope. For each location, the model estimates the probability that a falling rock will reach that location. All parameters related to
surface roughness and elasticity were automatically calculated, using pessimistic values. The size, shape, and density of the simulated stones
were defined by a geologist based on regional analysis and were used as input parameters. In addition, as a proxy for erosion activity, we
prepared a hydrological runoff model using GIS functions (e.g., flow direction) based on a DEM with one meter resolution derived from
airborne laser scanning that is freely available for Austria. The LULC maps were included as a roughness parameter of the terrain, affecting

the flow velocity of water.

As an alpine infrastructure assessment, the mass movement information derived from the EO data and the modelled susceptibility, rockfall
reach probability, and runoff were overlain with alpine infrastructure data derived from OSM. The mean mass movement susceptibility was

calculated for a buffer of 10 m around each trail segment and of 50 m around each alpine hut. The rockfall reach probability was analysed
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for each location within 10 m of the trails.
The resulting maps were presented to trail keepers in an online questionnaire and during a dedicated validation workshop and discussed

for their usefulness in practice in the context of the scenarios identified during the requirements analysis.

RESULTS AND DISCUSSION

The types of gravitational mass movements, their consequences for alpine infrastructure, and the infrastructure management tasks that ad-
dress them are presented in Figure 2. The case types mostly concerned damages to trails, bridges, and huts, which are caused by erosion,
rockfalls, shallow landslides, debris flows, and deep-seated landslides. In case of small but frequent damages, recurring repairs are necessary
at the beginning of each hiking season. Renovations are necessary occasionally when the damage is larger or has accumulated. Extensive
maintenance works with high costs occur rather seldom, e.g., when a route needs to be replaced due to persistent problems or when a

bridge was destroyed by a debris flow.

Resulting tasks
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Figure 2: Mass movements and erosion as causes of damage and resulting tasks in alpine infrastructure management.

In order to support alpine infrastructure management with EO-based mass movement information, we identified three general scenarios:
D strategic effort planning, 2) alpine infrastructure project planning, and 3) management of trail closures. These general scenarios include
several specific application scenarios, for example, modelling expected costs of trail maintenance effort, planning trail adaptations, plan-
ning relocation of trails, and authorizing trail usage at critical locations. For the scenarios, the users require information about locations
where mass movements occurred in the past and locations of slow slope movements where surface deformation and erosion are ongoing.
Furthermore, they need information about locations where mass movements and erosion potentially occur and where trails and huts are
potentially impacted.

The maps were designed to serve these information needs. Figure 3 presents mass movement information derived from EO data and an-
cillary geodata, including a mass movement hotspot map based on the combined inventory and a map of slow slope movements derived
with PSI analysis. Figure 4 shows a mass movement susceptibility map as well as the susceptibility per trail segment and alpine hut, ranging

from low to high susceptibility. Further examples of map products are shown in Figure 5, i.e., a rockfall reach probability and a runoff map.

Figure 3: Mass movement hotspots calculated based on existing inventories and visual interpretation of Sentinel-2 satellite images (a), and PSI-derived displacement map showing point-

based movements in the line of sight (LOS) (b).
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Figure 4: Mass movement susceptibility map (a), and the susceptibility per trail segment and alpine hut (alpine infrastructure data was derived from OSM) (b). Modified after Abad et al.
(2022).
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Figure 5: Maps of modelled rockfall reach probability (a), and runoff that can be related to erosion activity (b), based on EO-derived information, DEMs, and ancillary geodata.

In particular, the susceptibility maps were received very well by users because they provide well-targeted information for strategic effort
planning. Positive feedback was provided on the comprehensive modelling approach that relies on a wide range of information. Further-
more, the cartographic visualisation emphasises the susceptibility at the alpine infrastructure elements and allows to make a comparison to
define focus areas for alpine infrastructure management. Opportunities to advance and develop the quality of the maps include methodo-
logical improvements and further adaptation of the maps to specific application cases, e.g., the use of the susceptibility map to justify an

increase in funding provided by authorities or the use of rockfall models to support expert assessments with objective information.

CONCLUSIONS

We aimed to produce EO-based information products on the diverse impacts of mass movements on alpine infrastructure that are useful
for Alpine associations. The developments relied on a detailed user requirements analysis that allowed us to better understand the specific
needs of users and to target our analysis. The feedback from practitioners in trail keeping during the online questionnaire survey and vali-
dation workshop confirmed the usefulness of the created maps for the envisioned application cases. However, the trail keepers pointed out
that the applicability and reliability of the maps must be ensured by on-site verification. While further developments in close collaboration
with users are needed, it has become apparent that EO data can provide valuable information on the impact of mass movements on alpine

infrastructure, which is relevant for Alpine associations.
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