CLASSIFICATION OF AVALANCHE TERRAIN: AN OPEN-SOURCE MODEL
CHAIN FOR THE AVALANCHE TERRAIN EXPOSURE SCALES
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INTRODUCTION

Snow avalanches represent a major natural hazard in snow-covered mountains. Their characteristics depend on terrain and snowpack
stability and distribution. The stratification and spatial distribution of the snowpack are influenced by previous and current meteorological
conditions, exhibiting temporal variations. In contrast, topographical features generally remain constant. Using high-resolution digital terrain

models, terrain features effecting avalanche characteristics can be analysed and detected digitally.

For planning backcountry activities in avalanche-prone terrain various digital maps are available. Maps representing the slope inclination
are widely used as it affects the avalanche release probability (Schweizer et al. 2003). Since Statham et al. (2006) developed the Avalanche
Terrain Exposure Scale (ATES), various maps are produced manually and semi-automatically to classify terrain in three ATES classes: sim-
ple, challenging and complex (Campbell and Gould 2014; Campbell and Marshall 2010; Gould et al. 2014). Larsen et al. (2020) developed
a fully automated algorithm to produce nationwide autoATES maps for Norway. Schumacher et al. (2022) and Toft et al. (2023) modified
and improved the algorithm and Hesselbach (2023) adapted autoATES to a test area in the Austrian Alps. Harvey et al. (2018) developed
algorithms to generate Classified Avalanche Terrain (CAT) and Avalanche Terrain Hazard (ATH) maps. CAT delineate potential release areas,
potential zones for remote triggering and zones of maximal runout. Both, autoATES and CAT maps are calculated based on statistics relevant
for typical human-triggered avalanches, hence size classes 2 (medium) and 3 (large) (EAWS 2023). Schmudlach and Kohler (2016) combined
terrain features and current information of avalanche forecasts to risk maps. In comparison to the site-specific avalanche hazard zone plan,
that is also assesed by experts on site in respect to a specific annual avalanche occurrence (Sauermoser 2006), autoATES provides a regional

assessment based on avalanche simulations of avalanches of size 3.

We will present the autoATES algorithm and the resulting map. Additionally, we show how we implemented the interaction of avalanches

and forest in order to improve the current ATES algorithm.

METHODS AND DATA
We applied the classification method autoATES to the test area in Sellrain (see Figure 1). To overcome missing links between forest interac-

tion and the mapping step, we adapted the autoATES open-source model chain with respect to forest interaction.
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Figure 1: Classification map autoATES is applied to a test region in the Austrian Alps (Sellrain). The map classifies the terrain in the four ATES classes 'simple’ (green), ‘challenging' (blue),
‘complex’ (red) and ‘extreme’ (purple). The autoATES map is computed without the interaction between avalanches and forest. The represented DEM is licensed under the Creative Commons

Attribution 4.0 International Public License.
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Study areas
The test region is a 100 km? area in the Austrian Alps (Sellrain, TyroD), it is a popular region for ski-touring with eleavtion up to 3100 m
above sea level. It is a part of the study area analysed in Hesselbach (2023) and Huber et al. (2023). 79% of the area in Sellrain is above

2000 m and 8% of the region is forested.

Terrain and forest data
We generate ATES maps following the workflow, which was developed by Larsen et al. (2020), improved by Toft et al. (2023) and adapted
by Hesselbach (2023) to a Tyrolean test area. The creation of ATES maps require a digital terrain model and a layer, which contains forest

information. All data are in raster format.

A digital terrain model (DTM) is used with a resolution of 10 m. Digital elevation models (DEMs) have been acquired from the Open Gov-
ernment Data of the Province of Tyrol through the public web coverage service (WCS).

To create the ATES maps, a forest density layer is required in raster format with a 10 m resolution. We derived these percentage of canopy
cover layers as Hesselbach (2023) did. Therefore, we calculated the difference of a digital surface model (DSM) and a DTM with 1 m reso-
lution. Raster cells with a difference value larger than 5 m are assigned to value 1, indicating the presence of forest, others are assigned to
value 0, indicating no forest. We aggregated the resulting binary raster data using R-software, resampling it from a 1 m to a 10 m grid and
summing all values. The output is a raster layer with 10 m resolution, containing values between 0 and 100. To exclude artifacts, we clipped
the resulting forest layer with a forest map (Bauerhansl et al. 2007).

For implementing an interaction layer between avalanches and forest, a binary forest layer is required. We determined empirically a canopy
density threshold of 35% by comparing the forest density layer with a satellite image (Google Bilder 2023). Then, we computed a binary

forest layer containing value 1 (forest) for canopy density larger than and equal 35% and value 0 (no forest) for canopy density less than 35%.

autoATES algorithm

To create autoATES maps we adopted the workflow and parameter settings from Hesselbach (2023) including the following intermediate

steps. We used open-source software only.

1. Potential Release Area algorithm: For delineating potential release areas (PRAs) the algorithm based on a fuzzy-logic approach devel-
oped by Veitinger et al. (2016) and modified by Sharp et al. (2018) is used. Required input data are a DEM and a forest layer containing
percentage canopy cover.

2. Avalanche Mobility Simulation with Avaframes’s com4Flow-Py: Flow-Py simulates gravity mass flow using an empirically motivated
data-based approach. Flow-Py computes mass flux and intensity along avalanche paths, using a DEM and PRA data as input. The main
computations are routing and stopping of the movement, that is based on geometrical relationships (D’Amboise et al. 2022). The fric-
tion angle is selected that medium and large avalanches are simulated, indicating an avalanche size of three or smaller according to the
EAWS (2023) classification.

3. autoATES Classification: The ATES classifier categorizes terrain into the four classes: ‘simple’, ‘challenging’, ‘complex’, ’extreme’ (Toft et
al. 2023; Hesselbach 2023). The classification is based on slope inclination, PRA, alpha angle and forest density. The slope is derived
from the DEM. The PRA layer is generated using the previously described PRA algorithm. Alpha angle is an output layer of Flow-Py and

represents the avalanche runout of the avalanche (D’Amboise et al. 2022).

Hesselbach (2023) adapted the parameter of the autoATES workflow to a test region in Sellrain and applied ATES to the Austrian study area.
One issue is the treatment with forest. The avalanche simulation tool Flow-Py does not consider forest, in the final step the ATES classifier
reclassifies raster cells, which are forested to a lower class. Only forested areas are classified as less exposed, not forested areas which
should classified as less exposed due to the influence of forested areas are still classified as higher classes. Areas below forests are often
assigned to a higher class, more exposed to avalanches, than areas above in the forest, although avalanches below the forest are unlikely
(Hesselbach 2023; Huber et al. 2023).

Implementation of forest interaction in Flow-Py and in autoATES classifier

Flow-Py is structured in three levels: In cell level iterative routing and stopping take place, the path level considers all cells of an avalanche
released in one release cell. The raster level combines the variables of all paths. For every release cell a separate path is calculated (D’Am-
boise et al. 2022). An additional layer is implemented, which represent the amount of forested raster cells a path runs through. In the forest
interaction layer locations (raster cells) of paths are assigned to the number of previous hit forested cells. An output raster layer shows the
minimum of forest interaction values of all paths.

The ATES classifier reclassifies cells, which are assigned to (previous) forest interaction value 2 or higher (corresponding to an avalanche
path through at least 20 m forest), to a lower class. If a cell has a value higher than 8, which means, that the path ran through more than

eight forested cells before (avalanche path through 80 m forest), the ATES class 3 is reclassified to ATES class 1.
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Avalanche size classification

Various systems to classify avalanche size are used. European Avalanche Warning Services (EAWS) classify the avalanche size in five cate-
gories depending on potential destructiveness, runout length and volume: small, medium, large, very large and extremely large avalanches
(see Table D).

size destructive potential length volume [m?]
small unlikely to bury a person 10 - 30 m 100
medium may bury/ injure/ kill a person 50 - 200 m 1 000

large may bury/ damage cars, trucks, several 100 m 10 000
small buildings
very large may bury/ damage trucks, trains, 1-2km 100 000
large buildings
extremely large  may destroy the landscape > 2 km = 100 000

Table 1: Avalanche size classification method after EAWS (2023).
To analyse the size of simulated avalanches with Flow-Py, we calculate the runout length of all avalanche paths and compare the Flow-Py

results with the EAWS avalanche size classification.

RESULTS
We will study ATES maps, when implementing the interaction of avalanches with forest. Additionally, we will analyse the avalanche size of
the simulated avalanches using Flow-Py.
Implementation of forest interaction
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Figure 2: AutoATES maps computed without (top) and with (bottom) a forest interaction layer, applied to a small extent around Haggen in Sellrain). The maps classify the terrain in the four

ATES classes 'simple’ (green), ‘challenging’ (blue), ‘complex' (red) and ‘extreme’ (purple).
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The current ATES map shows unexpected ATES classes in areas at the valley bottom, particulary below the tree line (cf. Figure 2, top).
Haggen (in the valley) is assigned to ATES class 2 (blue) and 3 (red), although areas above are classified as simple (class 1, green) due
to forested area (see Figure 3). The final classifier reclassifies areas in dense forest to class 1 despite present avalanche runout. To fix this
overrepresentation, a layer containing the interaction of avalanches with forest is computed with Flow-Py and implemented in the ATES. The
forest interaction layer is represented in Figure 3, the resulting ATES map in Figure 2 (bottom). The ATES map including the forest interaction
layer classifies the areas below forested regions, which are assigned to class simple, also as simple (green) instead of challenging (blue) and

a small part as challenging (blue) instead of complex (red), without the forest interaction layer (Figure 2, top).
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Figure 3: The binary forest layer (green) and the forest interaction layer, resulting from Flow-Py simulation (blue) in a small extent around Haggen in Sellrain. The forest interaction layer
represents the minimum amount of forested raster cells an avalanche passed previously. In light blue areas (forest interaction is between 2 and 8), avalanches ran through at leat 20 — 80

m forest. In dark blue areas (forest interaction is higher than 8), avalanches ran through more than 80 m forest.

Avalanche size classification

We selected the Flow-Py parameter friction angle in order to simulate medium and large avalanches, corresponding runout lengths are sev-
eral 100 m (cf. Tabel 1). Figure 4 shows the simulated runout lengths with Flow-Py for test region Sellrain. Approximately 80% of all paths
have a runout length below 1000 m. The other 20% of the paths are longer than 1000 m and correspond to very large avalanches. Flow-Py

simulates larger avalanches than the goal of medium or large size.

Figure 4: The number of paths that have the respective runout lengths. The analysis is represented for the study region Sellrain.
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CONCLUSIONS

ATES maps are helpful tools for planning activities in winter-backcountry with exposure to avalanches. The model chain includes three tools,
all of them are open-source: a workflow to calculate potential release areas, an avalanche runout simulation tool and a classifier, which
combines previous results and terrain features to four ATES classes ’simple’, ’challenging’, ’‘complex’, ’extreme’. The intermediate steps are
still improvable. Implementing the forest interaction in Flow-Py can improve the autoATES results and helps to interpret the maps, especially
below the tree line.

Although we aim at simulating medium to large avalanches, we realize that the size may vary considerably of simulated avalanches. Since
Flow-Py overestimates the expected avalanches runouts, alternative avalanche simulation tools could be used and tested for the autoATES

step in simulating avalanche mobility.
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