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ABSTRACT

We modelled shallow landslide susceptibility zones for three precipitation scenarios (42 mm/hr, 30-yr return period RP; 5Imm/hr, 100-yr RP
and 60mm/hr, 300-yr RP), all with and without the forest effect, for the entire principality of Liechtenstein. To do so, we combined SlideforM-
ap, which uses a probabilistic finite slope approach to simulate slope failure probability, with the probabilistic hillslope debris flow runout
model SlideForce. Susceptibility zones were automatically delineated based on the simulated release zones and coupled aggregated runout
propagation probability values. The results were compared with 382 mapped historical landslides caused by an intense rainfall event in Au-
gust 2005, which was locally estimated as a 50-yr RP event. The results showed a good agreement with the historical events, except for occa-

sional underestimations of the runout. These seem to be due to high fluidification of the sliding masses evolving in hyperconcentrated flow.

INTRODUCTION

Regional hazard mapping is an important tool for integrated risk management. More than 15 years ago, national landslide modelling in
Switzerland was carried out to indicate potential hazard areas within the framework of SilvaProtect-CH project. Since then, landslide models
suitable for such applications developed continuously and are currently able to implement the effect of forest vegetation on slope stability
at a detailed level. The aim of our study was to model shallow landslide hazard susceptibility for different precipitation scenarios, with and

without the forest effect, for the entire principality of Liechtenstein (FL).

METHODS

The study area was FL, which covers an area of 160 km2. FL is situated in the Upper Rhine valley of the European Alps and is bordered to the
east by the Austrian state of Vorarlberg and to the south by Switzerland. The Rhine River forms the entire western border of FL. The highest
point is the Vorder Grauspitz which has an altitude of 2599 m. FL lies entirely in the Raetikon, a mountain range that forms the geological
border between the Eastern and Western Alps. It mainly consists of sedimentary rocks - for a large part limestone - where the northern part

is assigned to the Northern Limestone Alps, while the southern part belongs to the Buendner Schist Nappe of the Western Alps.

To achieve our objective, we combined the SlideforMap model (cf. van Zadelhoff et al. 2022), which uses a probabilistic finite slope ap-
proach to simulate slope failure probability, with the probabilistic hillslope debris flow model SlideForce to simulate landslide runout, which
is an in-house development based on the Flow-R method (Horton P. et al. 2013). The input topography was based on a 0.5 m resolution
digital terrain model which also served for defining input soil characteristics in combination with geological maps. The forest structure was
defined by individual tree positions and diameters derived from individual tree detection and statistical modelling. The slope stability simu-
lations were performed at 2m resolution with and without forest effect for three standardized precipitation scenarios: 30-year, 100-year, and
300-year return period (RP) defined as 42 mm/hr (30-yr RP), 51mm/hr (100-yr RP) and 60mm/hr (300-yr RP). Resulting cells with a failure
probability of >50% were aggregated to 5m resolution using a majority function to generate start cells for the runout simulations. For each
of these cells, 10 repetitions of runout simulation were performed using the modelled landslide volumes. Based on the aggregated reach
probability values, hazard indication zones were automatically delineated. The results were compared with 382 mapped historical landslides

caused by an intense rainfall event in August 2005, which was locally estimated as a 50-yr RP event (Wohlwend et al., 2006).

Both SlideforMAP and SlideForce require a digital terrain model in the form of a grid as input. The primary basis for this was the swissALTI
3D digital elevation model (DEM) with a resolution of 0.5 m. In addition, the LiDAR-based DEM from Vorarlberg with a resolution of 1 m
was used to fill gaps on the Austrian side. Initially, both input DEMs were cropped to the target extent and aggregated to a target resolution
of 2 m using GDAL Warp. To avoid issues in hydrological calculations related to simulations, a sink- filled version of the DEM was used.
This was achieved by applying the SAGA tool “Tool Fill Sinks (Planchon/Darboux, 2001)” to the 2 m resolution DEM. The resulting raster
was the elevation model used as the basis for further simulations. For SlideforMAP, an additionally required input is the contributing area,
which corresponds to the area of the number of cells that contribute to the inflow to a specific cell in the raster. The Saga tool "Catchment
Area (Top-Down)" was applied to the sink-filled DEM for calculating the contributing area using the “Deterministic 8” option for the flow
direction. As a basis for deriving a slope-based mask for processing SlideForce inputs, the slope of the sink-filled DEM was also calculated

using "gdaldem" (a module in GDAL).
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The preparation of the soil type input raster was based on the pre-release version of the Geocover data for FL. The layers “Bedrock” and
“Unconsolidated Deposits” from this dataset cover a large part of FL. A general soil type was used for areas where no data were available.

Since soil characteristics differ in areas with and without forest, the derived soil type raster was additionally blended with a forest mask.

Soiltype Field capacity (-) r(°) c(kPa) Ks (m/day)
Crystalline 0.2 38 0 20
Unconsolidated Deposits 0.2 37 1 20
Unconsolidated Deposits with Forest 0.2 37 1 700
Limestone to Marl/Flysch 0.3 37 3 20
Limestone to Marl/Flysch with Forest 0.3 37 3 700
Marl/Flysch 0.3 31 4 20
Marl/Flysch with Forest 0.3 31 4 700
Marl/Flysch to Sandstone 0.2 34 1 20
Marl/Flysch to Sandstone with Forest 0.2 34 1 700
Sandstone 0.2 36 0 20
Sandstone with Forest 0.2 36 0 700
General soil type (unspec.) 0.2 45 0 20
General soil type (unspec.) with Forest 0.2 45 0 700

W = mean friction angle, c = mean cohesion, Ks = hydraulic conductivity

Table 1: Parameter values for the main soil types used by SlideforMAP

To represent the forest, the SlideforMAP model uses positions, tree-species (Picea abies or Fagus sylvatica), and DBH (diameter at breast
height) of individual trees to calculate their root reinforcement. The tree positions were derived from airborne laser scanning (ALS)-based
vegetation height models using individual tree detection algorithms (cf. Schaller et al., 2023) and randomly generated trees within detailed
forest polygons based on forest inventory data. The proportion of coniferous trees per cell was available in a raster derived from a 10 m
cell size raster with the dominant leaf type (DLT), which was created using country-wide winter and summer Sentinel-1, as well as cloud-
free summer Sentinel-2 satellite imagery (Waser et al., 2021). Separate SlideforMAP simulations were performed for coniferous-dominated

(coniferous DLT >=50%) and broadleaved-dominated forests (coniferous DLT <50%), which were then blended based on the DLT raster.

The starting cells for the runoft simulations in SlideForce were derived from the failure probability rasters calculated by SlideforMAP. Since
shallow landslide release was only to be simulated on slopes between 15° and 45° steep, a mask was initially created from the 2m slope
map. In the result, all cells with failure probabilities >= 50% became start cells after an aggregation with the majority function at a resolution
of 5 m. To determine the landslide depth and release area, the mean values were aggregated based on the individual simulated landslides
within the respective 5 m cell. Next, 10 runout simulations were executed per start cell using SlideForce.
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Figure 1. Visualisation of the used method. Map 1) shows the failure probability per cell modelled by SlideforMAF; 2) shows the generation of start cells for the runout modelling with Slide-
Force; 3) Shows the generated release area for the first 10 simulations, 4) shows the resulting reach probability raster of the first 10 simulations; Map 5 - 9) show the following generated
release areas and the accompanying reach probability rasters generated by Slideforce; Map 10) shows the final result after all simulations and the resulting generated susceptibility zone

(in blue). The envelopes of the 2005 shallow landslide events are shown in pink.

The velocity model used in SlideForce is based on the friction model by Perla (1980), which calculates the velocity of the flowing mass at
the end of a cell i (V(1); in m/s) following:

V(l) = \/(A(l) X w X (]_ — eB(i)) + V(O)2 % eB®

Agy = g X (sin By — pu X cos By)
B(i) =-2X L(i)/a)

where w is the mass-to-drag ratio (= 40); V(0) is the initial velocity of the flowing mass in cell i (in m/s); g is the acceleration due to grav-
ity (9.8 m/s2); p is a friction coefficient (= 0.2); B(D) is the slope gradient in cell i and L(i) is the slope length of the traversed cell i (in m).

For the comparison of results with historical events, the landslides from the August 2005 event were utilized. Based on the provided cadastral
data with envelopes and the aerial imagery taken in September 2005, 382 release polygons and centroid points were digitized. Using those,
we evaluated which percentage of the 2005 release areas could be reproduced with the 30- and 100-year precipitation scenarios (with for-
est). To do so, we buffered the digitised release points with 10 m. Additionally, based on the density of the 2005 events and the slope, zones
for evaluation divided into low (<0.05 release points per ha), medium (0.05 to 0.1 / ha), and high (20.1 / ha) landslide release density, were

derived. Areas outside these zones were divided into areas with slope angles of 15° to 35° and 35° to 45° slope.

RESULTS AND DISCUSSION

The mean simulated failure probability within the historical failure zones for scenarios with forest influence was 33% (30-yr), 37% (100-y1),
and 42% (300-yr). The comparison with the 2005 landslide events in Liechtenstein showed that 54% resp. 62% (for the 30- & 100-yr RP sce-
narios with forest) of the release points could be reproduced. Figure 2 shows the release cell density within the different evaluation zones.
The large number of modelled release areas in the zone with slopes between 35° and 45° where no landslides occurred in 2005 most prob-
ably reflects the spatial variability in the 2005 precipitation event. Most of the 2005 landslide releases occurred in very concentrated areas,
while only few or no landslides occurred in large part of FL. The boxplots in Fig. 2 also show that SlideforMAP could reproduce the trend
in the spatial differences in the density of release areas observed in 2005. Hereby, it should be noted that the densest class (>= 0.1 releases
per ha in 2005) only includes 3 observed landslide releases.

Where SlideforMAP predicted a landslide release, the simulated runout zones, as reflected by the reach probability rasters, generally showed
a good agreement with the 2005 event envelopes. Occasional underestimations of the runout were nevertheless observed. These discrepan-
cies seem to be due to high fluidification of the sliding masses evolving in hyperconcentrated flows leading to large runouts with eventually

mainly muddy water.
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Figure 2. Boxplots showing the nr. of release cells / ha modelled by SlideforMAP for the 5 different evaluation zones.

CONCLUSIONS

We conclude that the landslide susceptibility mapping by using a combination of slope stability simulations with explicit consideration of the
forest effect at 2 m resolution, in combination with landslide runout simulations at 5 m resolution, is possible for large areas while obtain-
ing plausible results. We expect that a more accurate definition of the landslide release depth and the relevant physical soil characteristics

probably will lead to significant improvements.
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