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ABSTRACT: Wind- and gravity-induced redistribution of snow leads to a high variability in snow depth
across a slope, which is one of the major drivers to be taken into account for the assessment of avalanche
danger. However, data on snow depth distribution in avalanche release zones at high spatial and temporal
resolution are rarely available. We applied a newly developed monitoring system using low cost lidar and
optical data that measured the snow depth distribution once per hour over the winter season 2023/24 at the
release zone of the Wildi avalanche in Davos, Switzerland. The dataset consists of more than 3’000 epochs,
each including an RGB image and lidar scans. In this contribution we present our experiences after one
winter season of measurements, focusing on the station stability. By investigating apparent position changes
of stable targets in the scan area we can quantify the stability of our measurement system. Additionally, we
take first steps towards basic snow depth distribution modeling, by correlating the measured snow depths to
terrain parameters. With the topographic position index (TPI) we test the common assumption that the mean
snow depth is lower at ridges and hilltops, and higher at gullies and valleys than the mean overall snow depth.
Up-to-date information on the snow depth variability in avalanche release zones is valuable for the refinement
of avalanche simulation approaches, as well as for practitioners who decide on avalanche safety measures.
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1. INTRODUCTION

One of the major drivers of snow avalanches is snow
that is redistributed by the wind (Schweizer et al.,
2003). A wind slab problem arises with snowdrift
during a snowfall event or when the wind redis-
tributes the snow from near-surface layers (EAWS,
2024). Wind-blown snow forms a denser, more
packed layer on top of soft and not well-bound old
snow serving as weak layer. Alternatively, the weak
layer can form within the wind slab layers due to vari-
ations in wind speed. Consequently, the wind can
create perfect avalanche conditions when putting a
slab on top of a soft weak layer (EAWS, 2024). In
addition to snowpack stability and the distribution
of weak layers, the snow depth has a major influ-
ence on the potential size of avalanches. However,
detailed and up-to-date information about the varia-
tion of snow depth across a slope, especially in an
avalanche release zone, is rarely available. Tradi-
tionally, the snow depth variability was derived by
interpolating values from manual measurements or
weather stations, but this approach cannot repre-
sent the spatial variability on a small scale. Today,
the state-of-the-art methods to measure snow depth
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at high spatial resolution are using photogramme-
try (Bühler et al., 2015; Vander Jagt et al., 2015;
Bührle et al., 2023; Filhol et al., 2019; Deschamps-
Berger et al., 2020) or lidar (Light Detection and
Ranging; Prokop, 2008; Deems et al., 2013; Painter
et al., 2016; Voordendag et al., 2024), either ground
based, or mounted on drones, airplanes, or satel-
lites. Recent developments explore the potential of
using low-cost versions of those systems (Goelles
et al., 2022; Ruttner-Jansen et al., 2024) or au-
tonomously operating drones (Dryer et al., 2023).
Nevertheless, measuring snow depth distribution is
usually associated with great effort and high in-
vestments and cannot be carried out at every lo-
cation. In order to obtain comprehensive infor-
mation, the known values are often extended by
modeling. Consequently, the goal is to find ap-
proaches to accurately model the snow depth distri-
bution using only few or easily accessible measure-
ments. Many existing attempts involve the derivation
of snow depth distribution from terrain parameters,
ranging from basic statistic correlations (Marchand
and Killingtveit, 2001; Winstral et al., 2002; Plattner
et al., 2004; Grünewald et al., 2010; Lehning et al.,
2011; Grünewald et al., 2013), to more advanced
methods of machine learning (Revuelto et al., 2020;
Meloche et al., 2022; Daudt et al., 2023).
In this contribution we present the dataset over one
winter season from a newly equipped test site next
to Davos in Switzerland. We show preliminary re-
sults of the setup stability and first attempts to cor-
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relate the snow depths with terrain parameters.

2. STUDY SITE

The study site is located in the Dischma valley,
next to Davos in south-east Switzerland. The mon-
itored area covers the release area of the Wildi
avalanche, which is at a north-east facing slope at
around 2250 m. Two monitoring stations are opera-
tional since November 2023. They host a low-cost
automotive-grade lidar sensor, an RGB camera and
meteorological sensors measuring the air and snow
surface temperature, wind speed and direction, and
relative humidity (Ruttner-Jansen et al., 2024). Fig-
ure 1 shows an overview of the study site.

Figure 1: Map of the study site in the Dischma valley, showing the
outline of the Wildi avalanche path, its release area, where the
region of interest (ROI) is located and the positions of stations 1
and 2.

3. MEASUREMENTS

Both stations were set up on November 23, 2023.
Station 1 recorded 3’443 epochs (hourly scans) un-
til April 14, 2024 when a glide snow avalanche
destroyed the station. Station 2 measured 4’335
epochs until the end of the season, around June
18, 2024. Due to technical issues, station 2 has a
lower data availability in the beginning of the sea-
son, which improved after the replacement of the li-
dar sensor on February 6, 2024. Figure 2 illustrates
the data availability for both stations, where 100%
means that we could record a lidar scan each hour
of the day (24 epochs).

3.1 Station stability

The stability of the measurement station needs to
be assessed, as small changes in the lidar’s posi-
tion result in inconsistencies in the point cloud data.
To assess the stability of the stations, we installed
several mini-prisms in the monitored area, choosing
stable rocks that remain free of snow. We estimated
the prism centers using the method developed by
Schmid et al. (2024). Then we calculated the trans-
formation of the prism center coordinates of each

Figure 2: Data availability for the winter 2023/2024 for station 1
(top) and station 2 (bottom).

epoch to the mean coordinates of all epochs (Fig-
ure 4). Apparent movement of these prisms in the
scan data reveals instabilities in the sensor’s posi-
tion. Analysing results, the rotation angles show
little variation or drifts over most of the measure-
ment season. In April 2024 there is some drift (up
to 0.1 degrees) in the yaw-angle (Figure 3), which
we could also identify when analysing the camera
images. The roll-angle is subject to the biggest vari-
ation (from -0.2 to 0.25 degrees), the axis of which
runs parallel to the line of sight of the sensor.

Figure 3: Visualisation of the rotation angles of the scanner, in
it’s own coordinate system.

Additionally, we checked for systematic deviations
between the lidar measurements. We calculated the
rotation of the scan when aligning each epoch to
the previous epoch (time step of 1 hour), using the
point-to-plane iterative closest point (ICP) algorithm
(Besl and McKay, 1992; Chen and Medioni, 1992).
The roll angle shows a systematic pattern, with a pe-
riod of 2 measurements and an amplitude of around
0.6 degrees (Figure 5). An angular error in this mag-
nitude causes a deviation of around 10 cm at 100 m
distance. Due to the regularity of the pattern, we
assume that its origin is in the sensor itself. An ex-
planation could be a variation of the internal prism
initialization, since the sensor is only supplied with
power at the start of each measurement and turned
off in between. However, further analysis is needed
to verify the assumption and develop a possible cor-
rection function.
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Figure 4: Rotation angles between the prism centers of each
scan with respect to the mean prism center of all epochs.
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Figure 5: Rotation angles of the iterative closest point (ICP) trans-
formations between consecutive scan epochs, for an example of
a few days in March 2024.

4. TOPOGRAPHIC RELATION

For a first step in the direction of snow depth model-
ing, we correlate the measured snow depth with the
topographic position index TPI (Weiss, 2001). The
TPI compares the elevation of a point z0 with the
mean elevation z of its neighborhood within a radius
R (Weiss, 2001; De Reu et al., 2013):

TPI = z0 − z (1)

z =
1

nR

∑
i∈R

zi (2)

Depending on the search radius R , different scales
of terrain structures become recognisable. In gen-
eral, positive TPI values indicate landforms like

ridges, hilltops, cliff edges or upper slopes (close
to top). A TPI value around zero occurs at flat and
constant slopes, or saddles. Negative TPI values
relate to valleys, gullies, and lower slopes (close to
bottom; Weiss, 2001).

Slope position TPI threshold Slope
Ridge/hilltop TPI > 1
Upper slope 0.5 < TPI <= 1
Middle slope -0.5 <= TPI <= 0.5 > 30°

Flat slope -0.5 <= TPI <= 0.5 <= 30°
Lower slope -1 <= TPI < -0.5
Valley/gully TPI < -1

Table 1: TPI classification into slope positions (Weiss, 2001;
Deumlich et al., 2010).

We calculated the TPI based on the (snow off) DEM
derived from a photogrammetric drone acquisition of
October 18, 2022, using an empirically chosen ra-
dius of R=10 m. We compare the resulting TPI with
the snow depth (HS), derived from our lidar mea-
surements on December 19, 2023.
Figure 6 illustrates the snow depth variation and the
TPI at the test site of the Wildi avalanche. The mean
snow depth is 1.3 m with a standard deviation of
0.3 m. At the test site (masked by available HS
data), about 13% of the area has a TPI < -0.5, which
indicate lower slopes, valleys, or gullies, 79 % are
flat or constant slopes and 8 % has a TPI > 0.5, indi-
cating upper slopes, ridges or hilltops. It is generally
assumed that the highest snow depths are found
in gullies, whereas ridges and hilltops contain less
snow.

Figure 6: Left: Map of snow depths (HS) on December 19, 2023,
derived from the lidar acquisitions. Right: TPI, derived from a
photogrammetric drone acquisition on October 18, 2022. Both
maps show the same area, the bright blue polygon is for orienta-
tion.

To confirm this statement and show the statisti-
cal differences between different topographical fea-
tures, we calculated the distributions of HS as prob-
ability density functions (PDF) for different slope po-
sitions (see Table 1) and compared them to the re-
spective mean values (Figure 7).
The mean HS in areas with a TPI < -0.5 (lower
slope, valley, gully) is clearly higher, compared to
the overall mean HS in the monitored area. At the
lowest slope position class (TPI < -1) the mean
snow depth is 150 % higher than the mean over
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Figure 7: Probability density functions (PDFs) of snow depths
(HS), filtered by slope positions. Mean HS overall: 1.3 m. Darker
shading of the PDF indicates a higher percentage of samples (n)
in the bin.

the area. Areas with TPI between -0.5 and 0.5 (flat,
constant slope) have a mean HS of 1.27 m - 1.33 m,
which is around the overall mean HS. Where TPI > 1
(ridge, hilltop), the mean HS is 0.96 m, which is
26 % lower than the overall mean, and thus shows,
that less snow has accumulated or that snow has
been blown away on the ridges and hilltops.
Even though the distribution of HS over the different
TPI bins is not Gaussian, the analysis of the rela-
tion between the TPI and HS enables us to estimate
the effect of topographical features on snow depth.
Knowing the distribution relative to the mean snow
depth is a valuable input for snow distribution mod-
els. However, to more comprehensively investigate
the variability in snow depth, we will relate the snow
depth over the different TPI bins also to other pa-
rameters, such as mean wind direction and aspect.

5. CONCLUSION AND OUTLOOK

Information of snow depth distribution at high spa-
tial and temporal resolution are rarely available. To
fill this gap, we present our specially developed low-
cost monitoring system including a lidar and an op-
tical camera. We share our experiences after one

season of measurements. More than 3’000 mea-
surement epochs show the potential, but also the
challenges of the setup of this system. The anal-
ysis of apparent motion of fixed points in the area
(installed prisms) demonstrates the importance of
inter-epoch registration. We also found a systematic
error, most likely originating in the lidar sensor itself,
that causes up 10-15 cm deviations in the scan. We
plan to overcome this with an appropriate registra-
tion method in further data processing steps.
As a first step towards snow depth modeling we look
into the relationship of the snow depth to the topo-
graphic position index (TPI). With this basic compar-
ison, we can quantify the correlation of low TPI val-
ues (gullies) with higher snow depths, and high TPI
values at ridges and hilltops with lower snow depths
(compared to the mean snow depth of the area).
This relation is obvious, but quantifying snow depth
distribution over terrain at high spatial, and espe-
cially high temporal resolution is a big step forward
towards including snow depth models in avalanche
simulations. In the future we aim to include other pa-
rameters, like wind direction and speed in our snow
depth modeling.
In the upcoming winter seasons we will expand our
dataset, monitoring at additional locations and as-
pects. These improved and extended snow depth
measurements, and further analysis of topographic
parameters and meteorological data, will help us to
better understand the dynamics of snow depth vari-
ations for avalanche modelling.
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Moreno Baños, I., Marturià, J., Spross, M., Hopkinson, C.,
Burlando, P., and Lehning, M.: Statistical Modelling of the
Snow Depth Distribution in Open Alpine Terrain, Hydrology
and Earth System Sciences, 17, 3005–3021, doi:10.5194/
hess-17-3005-2013, 2013.
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