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ABSTRACT: The Avalanche Terrain Exposure Scale (ATES) has been widely adopted in Canada and also
applied in different European mountain regions. Initial implementations relied on manual work-flows. However,
advances in open-source data and software availability have sparked the development of automated work-
flows and their application to areas in Norway, Canada, Switzerland, the Pyrenees, or Bulgaria. We apply an
AutoATES work-flow for a 700 km? model region in Tyrol, Austria. The work-flow comprises sub-modules for
(i) potential release area (PRA) delineation, (ii) avalanche runout modeling, and (iii) a final classification step.
Focus is laid on avalanches up to size 3 to capture avalanche situations and sizes typical for skier involvement.
We informed parametrization of the sub-models by utilizing observational data from our study area and openly
available data from other Alpine regions and evaluated results of the runout model for 100 randomly selected
avalanches against expected dimensions of size 3 avalanches. Results indicate the applicability of the method
for our region, but also highlight current limitations. The need for local adaptation of model parameters is
emphasized and the use of a fourth “extreme terrain” class for areas like our pilot region is encouraged.
Future developments should be directed towards introducing an additional PRA segmentation step, and an
update of the avalanche runout model to better account for avalanche release area and track characteristics,
and avalanche-forest interactions. An evaluation of automatically generated against manual ATES maps and
a comparison of different classified avalanche terrain map products are still ongoing and expected to provide
further insights.
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1. INTRODUCTION Color-coded digital slope inclination maps have be-

come a staple-item for trip planing in the winter
Besides meteorological conditions and snow-pack back-country, and also more elaborate avalanche
properties, terrain factors play an important role in terrain map products have been suggested and pub-
avalanche formation (Schweizer et al., 2003). Con- lished in recent years (e.g. Statham et al., 2006;
sequently, adapting terrain choices in accordance Schmudlach and Kéhler, 2016; Harvey et al., 2018;
with prevailing snow and meteorological conditions Larsen et al., 2020; Schumacher et al., 2022).

can be considered a key measure for managing

i ! ) ; While avalanche terrain exposure scale (ATES)
risks in potential avalanche terrain (Landrg et al.,

Sheh ) ) maps based on manual and semi-automated work-
2020). Historically, professional and recreational flows have been produced for areas in North Amer-
backcountry-users have relied on manual terrain in- ica since the late 2000s (e.g. Statham et al.

terpretation from topographic maps and observa- 2006; Delparte, 2008; Campell and Marshall, 2010;
tions in the field. The increasing availability of high Campell and Gould, 2014), in the last 5 to 10

resolution digital terrain models as well as the pro- years also fully automated procedures for avalanche
liferation of mobile electronic devices and software terrain maps have been developed. Amongst

applications has led to a shift from the use of mainly  4ipers Larsen et al. (2020) produced nation-wide
analog to increasingly digital cartographic products. ATES maps for Norway, Harvey et al. (2018) pro-

duced Categorized Avalanche Terrain (CAT) and
Avalanche Terrain Hazard Maps (ATHM) for Switzer-

*Corresponding author address: o
Andreas Huber, Austrian Research Centre for Forests (BFW), land and Schmudlach and Kohler (2016) also
Innsbruck, Tyrol, Austria; presented a m_ethod for pr.oductlon of autor_nated
email: andreas.huber@bfw.gv.at avalanche terrain maps, which has been applied to
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different mountain regions in Europe since. How-
ever, case-studies in the Austrian Alps have been
scarce so far, with the exception of the maps based
on Schmudlach and Kéhler (2016), which have re-
cently been made available on skitourenguru.ch
and also cover the Austrian Alps.

The aim of our study was to test and apply an au-
tomated avalanche terrain mapping work-flow solely
utilizing open-source software and data for a study
area in the Austrian Alps. While the approaches of
Schmudlach and Kéhler (2016) and Harvey et al.
(2018) have already yielded promising results in
similar settings in the Swiss Alps and different Euro-
pean mountain regions, the methods partly rely on
proprietary software. For this reason we decided to
adapt and apply the AutoATES work-flow originally
proposed by Larsen et al. (2020) and recently up-
dated by Toft et al. (2023c) for which all model com-
ponents have been published under an open-source
license.

Similar to the Swiss ATHM and CAT maps (Har-
vey et al., 2018), we focused on adapting the Au-
toATES work-flow for medium to large avalanches
(< size 3 according to EAWS') which are also most
commonly expected for avalanche danger levels < 3
according to the EAWS danger scale®. Most profes-
sional and recreational users will frequent the po-
tential avalanche terrain in our study area in these
conditions.

2. METHODOLOGY

The AutoATES work-flow builds on recently devel-
oped open-source tools by different research groups
and comprises three steps. These steps involve (i)
the automated identification of potential avalanche
release areas (PRAs), (ii) the delineation of poten-
tial run-outs of size 1 to 3 avalanches, and (iii) a fi-
nal classification and mapping step. Within the last
step information on modeled PRAs and avalanche
run-outs is combined and interpreted with additional
map-layers (slope incline, degree of forest cover,
glacier extents) into discrete ATES classes (simple,
challenging, complex, and extreme).

2.1. Study area and data

We selected a 700 km* model region located in the
Austrian Alps, South-West of Innsbruck to test the
AutoATES approach. The region covers parts of the
Otztal and Stubai Alps and is a popular destination
for ski-touring in winter, with many easy to access

"https://www.avalanches.org/standards/
avalanche-size/

’https://www.avalanches.org/wp-content/uploads/
2022/09/European_Avalanche_Danger_Scale-EAWS.pdf
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Figure 1: Location of the study area in the Austrian Alps. The
rectangular outline encompasses the study area, which covers
an area of ~ 700km? in the Northern Stubai and North-Eastern
Otztal Alps.

trail-heads in avalanche terrain of varying complex-
ity. Large portions of the study areas are character-
ized by high alpine terrain with elevations reaching
up to almost 3500 m, and about 5% are still glacier
covered. Figure 1 shows the location of the study
area.

2.1.1. Digital Elevation Model

1 m airborne lidar survey (ALS) based digital surface
(DSM) and elevation models (DEM) are available for
our study area and issued under a creative com-
mons license (data.tirol.gv.at). While open-
source high resolution DEMs (1 m X 1 m, acquisi-
tion dates 2017 and 2018) were available for our
study area, we decided to use a spatial resolution
of 10m x 10 m for our case study. The coarser res-
olution significantly reduces required computational
times an is in line with raster resolutions reported by
Larsen et al. (2020) and Schumacher et al. (2022).
The 10m DEM has been derived from mosaicked
1 m DEM-tiles by bilinear resampling.

2.1.2. Forest Layer

Different studies suggest, that including forest pa-
rameters in different stages of the model-chain im-
proves the final map product. While Harvey et al.
(2018) and Buhler et al. (2022) used binary forest-
masks to exclude potential release areas in forested
terrain and also take into account braking effects of
forests on small to medium sized avalanches, Sharp
(2018), Schumacher et al. (2022), or Sykes et al.
(2022) also explore the use of different non-binary
forest-maps in PRA delineation and avalanche ter-
rain classification.

In our study we use a simplified approach to de-
rive the degree of forest cover for each 10m x 10 m
map pixel in our study area. We derive a Im X I m
normalized digital surface model (nDSM) by sub-
tracting the DEM from the DSM. We then apply
a 5m threshold (Schumacher et al., 2022) on the
nDSM, assigning a value of 1 to values above and 0
below this threshold. Subsequently this binary 1 m



Proceedings, International Snow Science Workshop, Bend, Oregon, 2023

raster is aggregated to 10 m by simply summing up
all 1 m cells inside the 10 m cells (e.g. Sykes et al.,
2022), resulting in a raster with values ranging from
0 (no forest cover) to 100 (full forest cover). Eventu-
ally we apply a national binary forest layer® (Bauer-
hansl et al., 2007), also issued under a CC license,
to mask out positive nDSM areas outside of forest
areas (buildings, power-lines, bridges, etc.). The
dataset is hereafter referred to as percentage of for-
est cover (PFC).

2.2. PRA delineation

A range of different algorithms for semi- and fully-
automated delineation of PRAs has been developed
in the past decades (e.g. Maggioni et al., 2002; Mag-
gioni and Gruber, 2003; Rauter et al., 2006; Blhler
et al.,, 2013; Veitinger et al., 2016; Bulhler et al.,
2018). In this study we utilize an adapted version
of the fuzzy-logic-based PRA algorithm suggested
by Veitinger et al. (2016), which was later modified
by Sharp (2018) to include forest information and
has also been used by Larsen et al. (2020) and
Schumacher et al. (2022). While the original algo-
rithm has been published in the R-language*, we
use a python version of the algorithm tailored to 10 m
raster resolution®.

Because of lacking data on documented release
areas in our study site we utilized a dataset of doc-
umented avalanche release areas around Davos
(BUhler and von Rickenbach, 2018; Blhler et al.,
2018) to compare and test different variants of the
PRA algorithm against observed PRAs and select
a suitable threshold for converting fuzzy PRA mem-
bership values € {0, ..., 1} into binary release areas
required for the runout-modeling. We found that an
approach that utilizes a fuzzy combination of slope
angle, windshelter-index (Winstral et al., 2002; Plat-
tner et al., 2006) and PFC (see sec. 2.1.2) with
terrain-ruggedness (Sappington et al., 2007) imple-
mented as a binary mask performed well in compar-
ison with the documented PRAs and also yielded
satisfying results for our study area (Hesselbach,
2023).

2.3. Avalanche Runout estimation

While the initial AutoATES v1.0 work-flow (Larsen
et al., 2020) used the dinfAvalanche function imple-
mented in the hydrological toolbox TauDEM (Tar-
boton, 2016), Schumacher et al. (2022) and Toft
et al. (2023c) recently used Flow-Py (D’Amboise

Shttps://inspire.lfrz.gv.at/000605/ds/BFW_
Waldkarte.gpkg

“https://github.com/jocha81/Avalanche-release

Shttps://github.com/hvtola/potential _release_
areas
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et al., 2022) for modeling avalanche runouts from
the delineated PRAs. Both runout models combine
a simple travel-angle concept (Heim, 1932; Kérner,
1980) for runout lenght estimation with hydrologi-
cally motivated flow algorithms for routing of flow
paths in gridded elevation models (e.g. Horton et al.,
2013; Wichmann, 2017).

We also utilized Flow-Py for runout modeling and
tried to identify a suitable a angle for runout estima-
tion of size 3 avalanches by comparison of model
results with varying a against a limited set of 19
observed avalanches (~ size 3), which have been
mapped from oblique aerial and terrestrial pho-
tographs. The remaining model parameters (exp,
75, Ryop, cf. D’Amboise et al., 2022)) were chosen
in accordance with D’Amboise et al. (2021). Table 1
lists all used Flow-Py model parameters.

In order to evaluate how well the runout model
parameterisation is able to reproduce size 3
avalanches, we manually delineated single PRAs
and selected a random subset of 100 PRAs in
the size range of 10000 — 100000 m? in our study
area. Under the assumption of an average release
thickness of 0.5m (cf. Harvey et al., 2018) the re-
lease volumes of these PRAs fall into the range of
5000 — 50000 m?, thus being roughly representative
of small to large size 3 avalanches (typical size 3
volumes of ~ 10000 m?® after EAWS, entrainment is
neglected in this assumption).

We then compared model results for these 100
avalanches in terms of projected travel length, af-
fected area and peak pressure with expected value
ranges for large avalanches (size 3) based on differ-
ent suggested size classifications (see table 2). We
modified the Flow-Py code to provide travel length
outputs, and used an additional post-processing
step to derive total affected areas, and the 99" per-
centiles of travel lengths and impact pressures for
each modeled avalanche. Impact pressures were
calculated from modeled energy-line heights z; by
estimating velocities with v = (2gz5)% (cf. Kérner,
1980) and assuming a density p = 200kgm™ (Hes-
selbach, 2023).

Table 1: Utilized Flow-Py parameterisation for modeling of
avalanches with size < 3 according to EAWS.
parameters: a exp Rop 5™
used values: 26° 8 3x10™ 270m

2.4. Classification and Mapping

In the final classification or mapping step the infor-
mation on the terrain inclination, modeled PRAs,
outputs of the avalanche runout model, and ad-
ditional layers (PFC, glaciers) are combined into
discrete ATES classes. In principal we follow the
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Table 2: Avalanche size classification from different sources. tl =
projected travel lenght based on EAWS, aa = affected area after
Buhler et al. (2019), pp = peak pressure based on CAA (2016)
(cf. Hesselbach, 2023).

size class tl [m] aa[m?] pp [kPa]
small 1 <50 <500 <5
medium 2 50 — 200 500 — 10000 5-50
large 3 200 — 1000 10000 — 80000 50 — 250
very large 4 1000 — 2000 80000 — 150000 250 — 750
extremely large 5 > 2000 > 150000 > 750

methodology outlined in Schumacher et al. (2022)
with some modifications and parameter adaptions.
We additionaly introduced a binary glacier layer
(Austrian National Glacier Inventory 2015, Buckel
and Otto (2018)) to disallow simple terrain on
glaciers in accordance with Statham et al. (2006)
and delineated a fourth extreme terrain class as
suggested by Statham (2020) and Statham and
Campell (2023) and similary implemented in the
Swiss CAT and ATHM maps (Harvey et al., 2018).
Figure 2 outlines the utilized classification work-
flow, where the PRA and Flow-Py inputs correspond
to the results of the PRA and avalanche runout-
modeling steps discussed earlier. We also com-
pared different parameter settings for the classifica-
tion steps (Hesselbach, 2023).

Table 3: Input parameters for the classification step of the Au-
toATES work-flow based on analysis by Hesselbach (2023). SAT
= slope angle threshold, AAT= « angle threshold, PFC = percent
forest cover, ISL-SIZE = parameter used for cartographic gener-
alization of the final map product (minimal required island size for
1 contiguous ATES area).

parameter  value
SAT12 28°
SAT23 39°
SAT34 45°
AAT12 26°
AAT23 36°
PFC1 10
PFC2 25
PFC3 65
ISL-SIZE 1000 m?

3. RESULTS & DISCUSSION

3.1. Runout modeling

Figure 3 shows the results of the comparison of
modeled against observed runout distances for
varying a angles for the 19 mapped avalanches
in our study area. Values of a between 26° and
28° show the best correspondence with observed
avalanche travel lengths, while values > 28° and
< 26° lead to under- and overestimation of runout
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Table 4: Percentage of Flow-Py model results with the used pa-
rameterisation (tab. 1) that fall above, within, and below the size
3 classification ranges for travel length (tl), affected area (aa) and
peak pressure (pp) as defined in table 2.

parameter: tl aa pp
% above size 3 range: 34% T74% 66%
% within size 3range: 57% 26% 33%
% below size 3 range: 4% - 1%

lengths. This result is in accordance with the mean
and standard deviation of observed travel-angles
(@ = 26.8° s, 3.54°). From the best-fitting «
angles we used the more conservative 26° for our
runout model (cf. tab. 1) and consequently also as
the delimiter of simple and challenging avalanche
terrain in the ATES classifier (AAT12, tab. 3).

Table 4 summarizes the results of the evaluation
of the used Flow-Py parameterisation (table 1) for
100 randomly selected release areas against ex-
pected value ranges of size 3 avalanches (table 2).
Modeled travel lenghts correspond with expected
size 3 travel lenghts in 57% of cases, while in 34%
of cases size 3 travel lengths are exceeded, and in
4% not reached by the model. For affected areas
and peak pressures about a quarter and a third of
modeled avalanches fall within the expected range,
while in almost all other cases expected size ranges
are exceeded.

These results can partly be attributed to the in-
ability of the simple runout model and used global
value for a to be representative of size 3 avalanches.
This is not surprising given the large intra-size-class
spread of observed travel-angles « in our small ob-
servational dataset, which is also apparent in much
larger datasets (Larsen, 2021), as well as the po-
tentially weaker-than-expected correlation of a with
avalanche size (cf. Toft et al., 2023a). Substituting
the @ angle model with an @ — 3 type (e.g. Toft et al.,
2023a) or physically-based model (e.g. Tonnel et al.,
2023) might present an improvement, but would re-
quire previous segmentation of PRAs (cf. Blhler
et al., 2018, 2022) or single contiguous avalanche
paths.

Besides, the size-class correspondence is also in-
fluenced by the utilized size-classification scheme
(e.g. EAWS, CAA, Buhler et al. (2019)) and em-
ployed classification criteria (travel length, pressure,
affected area, ...) pointing to a general challenge
in avalanche size classification (Hesselbach, 2023).

Nevertheless, our evaluation indicates, that mod-
eled travel lengths are within size 3 range for almost
60% of cases, while the remainder is overestimated,
suggesting that the parameter choice for the runout
modeling step is leaning towards the conservative
side considering the scope of our application.
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Figure 2: Flowchart highlighting the processing steps of the employed automated ATES algorithm. The parameters listed in table 3 (SAT,
AAT, PCF) correspond to the class borders in the reclassification steps for the slope, runout-angle (Flow-Py output) and PFC layers.
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3.2. Classification and Mapping

Figure 4 shows the ATES map produced with the de-
scribed parametrization (cf. tables 1 and 3) for two
extracts of the study area. The lower panel in figure
4 highlights the influence of the utilized glacier layer,
which results in otherwise flat, but glaciated terrain
being classified into the challenging class. In both
panels also the effect of the inclusion of a fourth ex-
treme terrain class becomes apparent. Namely the
extreme class allows distinguishing between terrain,
where danger of falling might outweigh avalanche
danger in the majority of cases. A similar differen-
tiation has also been made in the Swiss CAT and
ATHM map products (Harvey et al., 2018) and can
be used to distinguish ski-able from generally non-
ski-able terrain. We defined extreme terrain in this
study as terrain with slope inclination 8 > 45°, how-
ever this threshold is subject to discussion and can
be adjusted to local conditions and DEM resolution.
In addition we also found, that inclusion of a forest
layer in the PRA and classification step improved
the overall map product, which is in alignment with
previous studies (Schumacher et al., 2022; Sykes
et al., 2022). However, forest information has not
been used in the runout modeling step, which would
be desirable in some cases (Hesselbach, 2023) and
has shown promising results in AutoATES applica-
tions to different study sites (Toft et al., 2023c). It
is also notable that the used parameters (table 1,
3) for our study area (esp. SAT and AAT) are sig-
nificantly different from previous applications of Au-
toATES in Norway (Schumacher et al., 2022; Sykes
et al., 2022) or Canada (Toft et al., 2023c). We devi-
ate from the SAT thresholds for terrain incline as pro-
posed in the ATES technical model (Statham et al.,
2006; Statham and Campell, 2023) in this study to
better reflect the technical difficulty encountered by
back-country skiers when traveling over terrain of
varying slope incline (thus, e.g. considering terrain
below 28° to be generally simple to navigate). The
higher values for AAT as compared to previous ap-
plications partially also address the problem, that
more conservative values would lead to a large por-
tion of complex terrain in typical Alpine settings as
reported by Harvey et al. (2018) and also reflect the
focus on avalanches of size < 3 in this study.

In general preliminary evaluation of the final map
product indicates that the utilized parameterisation
provides a balanced distribution of different terrain
classes for our study area in reasonable agree-
ment with expert-based assessment for selected ar-
eas and a validation dataset of observed avalanche
runouts (Hesselbach, 2023). An evaluation against
manually mapped ATES classes and a comparison
of different avalanche terrain maps for the study
area are currently still ongoing and, once finished,
will also allow a more formal evaluation of the out-
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lined method.

4. CONCLUSION & OUTLOOK

We successfully adapted and applied the open-
source AutoATES work-flow, previously applied in
Norwegian and North-American study sites to a
700 km? study area in the Austrian Alps. We found
that the introduction of a fourth “extreme” terrain
class provides valuable additional information for
our study area. Around 5% of our study area is
comprised of glaciated terrain. In accordance with
the original ATES technical model (Statham et al.,
2006), we used a national glacier inventory to as-
sign glaciers at least to the challenging category.
We argue that information on glacier extent is valu-
able for our test area, especially in early winter sea-
son. Whether or not to directly include glaciers in the
ATES classes or not is subject to discussion. Com-
pared to parameter settings used in different case-
studies outside the Alps (e.g. Larsen et al., 2020;
Schumacher et al., 2022) we found larger a angles
(AAT) and slope angle thresholds (SAT) to be suit-
able for our study area.

The obtained results indicate, that the AutoATES
work-flow can be applied also in typical Alpine set-
tings. However, also some current limitations of the
approach could be identified. Specifically the pre-
sented PRA delineation method is lacking function-
ality for automated segmentation of PRAs, which
in turn would also be required for more sophisti-
cated runout modeling approaches (a—p, physically-
based models, avalanche-forest interactions). While
these limitations might be addressed in future stud-
ies, currently already a comparison of different avail-
able map-products for Austrian and Swiss study-
sites (AutoATES, CAT) and the production of a man-
ual ATES map for comparison with the AutoATES
product are ongoing.
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Figure 4: Final ATES map produced with the model parameters listed in table 3. The lower panel highlights the influence of glacier layer
inclusion on the final map product (hashed green areas indicate glaciated areas, that have been reclassified from simple to challenging).
The upper panel shows an overview of ATES classes for a larger portion of the study area popular with winter back-country users. Map-
CRS is MGl/Austria GK West (EPSG: 31254), DEM from: data.tirol.gv.at issued under a CC-BY 4.0 license, glacier outlines from Buckel
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CODE AND DATA AVAILABILITY Buckel, J. and Otto, J.-C.: The Austrian Glacier Inventory Gl 4
(2015) in ArcGis (shapefile) format, doi:10.1594/PANGAEA.
. B 887415, 2018.
The code for the AUtoATES v2.0 model is available 5.\ 0" 000 s Veitinger, J., Ghristen, M., Stoffel, A.
and maintained on github (https://github.com/ and Snehmani: Automated identification of potential snow
AutoATES/AutoATES-v2.0, Toft et al. (2023b)). If avalanche release areas based on digital elevation models,
you are interested in applying AutoATES in a new Nat. Hazards Earth Syst. Sci., 13, 2013.

Buhler, Y., von Rickenbach, D., Stoffel, A., Margreth, S., Stoffel,
L., and Christen, M.: Automated snow avalanche release area
delineation — validation of existing algorithms and proposition

region using your own input data we recommend us-
ing this repository. In this study we used a slightly

modified version of the AutoATES algorithm; if you of a new object-based approach for large-scale hazard indica-
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