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ABSTRACT

In mountainous regions, landslides constitute one of the most prominent natural hazards globally. Besides determining location and di-
mensions, it is also of crucial importance for comprehensive assessments to determine their spatio-temporal dynamics. Related activity is
commonly assessed by continuous landslide monitoring. This contribution focusses on three landslide observatories in Lower Austria, op-
erated by the ENGAGE working group at the University of Vienna. These long-term monitoring sites are equipped with a variety of surface
and underground monitoring devices, to better understand their interaction between different components (e.g., rainfall) and consequently,
to delineate the underlying landslide dynamics. The obtained data are useful to better understand surface and subsurface structures, spa-
tio-temporal changes of a variety of parameters and consequently slope stability. Ultimately, the knowledge of these interactions provides

the basis for future early warning systems.

INTRODUCTION

The complexity and non-uniform spatial and temporal kinematics of slow-moving landslides make it impractical to rely on short-term meas-
ures for assessing landslide processes (Lacroix et al. 2020). Hence, integrating existing historical data with long-term, multi-parameter mon-
itoring approaches becomes crucial for evaluating and mitigating potential landslide hazards (Li et al. 2021). Landslides, triggered primarily
by intense precipitation events leading to changes in pore-water pressure and subsequent slope failure, are prevalent and rank among the
most frequent natural hazards in Lower Austria. The region, situated in a complex geological transition zone with different units, particularly
the Flyschzone, is susceptible to shallow and deep-seated landslides as well as debris flows due to e.g., high clay content and advanced
lithological weathering (Stumvoll et al. 2021). Controlling factors, influencing landslide failure modes, runout distances, and deposition,
play a crucial role in determining potential risks (Glade & Dikau 2001). Additionally, anthropogenic influences such as slope modifications,
drainage and land-use changes further complicate the situation (Promper et al. 2014). Over the past decades, landslides have caused damage
to essential infrastructure (e.g., roads), agricultural land, and buildings (Promper et al. 2015).

In response, the Landslide Monitoring Observatories Lower Austria, comprising three subsites in Hofermiihle, Salcher and Brandstatt, were
established in 2014 by the Geomorphological Systems and Risk Research (ENGAGE) working group of the Department of Geography and
Regional Research at the University of Vienna. Since then, all three systems are operational and continuously expanded since then (see Fig.1
and Marr et al. 2023 for an overview). Especially during irregular activity phases, it is necessary to generate particularly long-term measure-
ment series to effectively correlate surface and subsurface movement changes with preconditioning, triggering, and controlling factors (Cro-
zier, 1986). The three subsites exhibit different environmental characteristics. They feature various landslide types (e.g., earth slide-earth flow
and debris flow - Hofermtihle; earth slide-earth flow - Gresten; deep-seated, complex landslide - Brandstatt) and are embedded in diverse
socioeconomic contexts (residential area - Gresten; pasture, critical infrastructure - Hofermiihle; farmland, critical infrastructure - Brandstatt).
The analysis of correlations between landslide activities and external influencing factors such as precipitation is particularly important in
Austria, especially in the context of climate change and the expected increase in extreme events (Glade et al. 2020). This knowledge is es-

sential for identifying potentially hazardous areas, implementing targeted measures, and assessing risks to the population and infrastructure.
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Figure 1: Location of the landslide observatories and areas of investigation in Lower Austria. (a) Location of the Lower Austria federal state, in north-eastern Austria. Relief shading is

(c) (d)

based on the Austrian 10 m DEM (BMDW 2015); (b) Geological map in which the lithological units reported are of major interest for the study area (Weber 1997); (c—e) Location of the (c)
Hofermiihle, (d) Gresten, and (e) Brandstatt observatory, respectively, as well as areas affected by landslide displacements in recent years. Satellite images of the landslide sites provided

in the ArcGIS Pro 3.0.0 software using World Imagery (Source: Esri, Maxar, Earthstar Geographics, and the GIS User Community). Source: Marr et al. (2023).

METHODS

The collected information exhibits diverse spatio-temporal resolutions, ranging from point measurements taken at 5-minute intervals, such as
automatic inclinometers, to remote sensing data acquired on a monthly basis through methods like manual terrestrial laser scanning (TLS) or
UAV flights. In combination with a fully automated meteorological station, various surface and subsurface methodological approaches (e.g.,
inclinometers, piezometers) are employed across the different landslide observatories, to provide meaningful insights into the dynamics
of slow-moving landslides (for details of methodological setup see Marr et al. 2023). Furthermore, location-specific techniques have been
implemented at respective locations (e.g., automated terrestrial laserscanner in Gresten; CRNS device in Hofermiithle). All data in the three
sites are transmitted in real-time to a server at University of Vienna, automatically cross-checked for errors, and displayed in a website format

(refer to noeslide.at). All data are readily available for any modelling approaches and further analysis.

RESULTS AND DISCUSSION

The results obtained from the variety of studies which have been carried out in the three observatories are manifold and show for instance
the internal structure of the landslide in Gresten and Hofermiihle with identified shear planes based on inclinometer measurements, in-
formation obtained from sediment core and drop penetration tests (Stumvoll et al. 2019, 2022). The activity of different systems within the
landslide body could also be assessed and quantified with ALS and TLS data using digital elevation models (DEMs) of Difference (DoDs).
The monitoring data from recent years have confirmed the non-uniform temporal and kinematic behavior of landslides (Stumvoll et al.
2019, 2022). Various periods of activity and differential reactivations on the slopes have been observed. Historical data have enhanced the
understanding of predisposing factors (such as lithology and tectonics) and triggering factors (heavy rainfall, snow melting). These data have
facilitated the correlation of landslide activity with meteorological factors, particularly specific precipitation events. As the monitoring site in
Brandstatt has recently been established (Fig. 2), corresponding information is not yet available, however, significant movements have been
recorded in April 2023. Analyzing past events plays a crucial role in estimating risk, which is a combination of hazard and the vulnerability
of exposed elements at risk. Furthermore, the application of continuous monitoring to better comprehend landslide dynamics is of great
interest. Slow-moving landslides, compared to rapid ones, provide a unique opportunity for natural disaster prevention through the imple-
mentation of suitable monitoring systems and the modeling of their movement mechanics. Additionally, landslides with relatively low rates
of movement allow for in-depth study over an extended period with different phases of activity. This facilitates the correlation of movements

with specific potential triggering factors, such as precipitation events, and enhances understanding of the influence of global climate change.
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Figure 2: Digital orthophoto from (a) 2002, (b) 2013, and (c) 2019 of the Hofermdihle landslide. The area affected during the earth-flow event in 2013 is also represented in (b). Main areas of
investigation are indicated in (c), as well as simplified morphological features of the landslide activity. Monitoring installations and structural measures to mitigate a possible landslide are
visible in (c). Orthophotos are provided by the Federal State Government of Lower Austria (NOEL GV 2002, 2013, 2019). Source: Marr et al. (2023).

CONCLUSIONS

With the establishment of landslide observatories in Lower Austria and the generation of a wide range of different data it is possible to better
understand landslide dynamics in the respective sites which also gives indications about the regional conditions. The integration of surface
and subsurface monitoring methods enables the capture of information at various spatial scales, ranging from point data (e.g., inclinometers)
to areal data (e.g., terrestrial laser scans). Additionally, this information are utilized to explore the spatio-temporal dynamics of the different
landslide systems in relation to the preconditioning, triggering and controlling factors. In the future it is planned to identify the depth of the
landslide in Brandstatt as well as rover applications of the CRNS to obtain spatio-temporal information on moisture contents at the different

areas within the study sites.
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