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Abstract. Snow avalanches threaten people and infrastructure in mountainous areas. For the assessment of temporal protection
measures of infrastructure when the avalanche danger is high, local and up-to-date information is crucial. One factor influencing
the avalanche situation is wind-drifted snow, which causes variations in snow depth across a slope, but this data is rarely
available. We present a monitoring system using low-cost lidar and optical sensors, to measure snow depth variations in an
avalanche release area at a high spatiotemporal scale (centimeter to low decimeter spatial resolution and hourly temporal
resolution). We analyze data obtained from such a monitoring system, installed within an avalance area at about 2200 m a.s.l.
in the Swiss Alps. The system comprises two measurement stations and has so far been operational since November 2023. We
present the experiences and insights gained from a preliminary analysis of the data obtained so far. The temporal variations
of the spatial coverage show the limitations and potentials of the system under varying weather conditions. A comparison of
the surface elevation models derived from the lidar data and from photogrammetric processing of UAV-based images shows
a good agreement, with a mean vertical difference of 0.005 m and standard deviation of 0.15 m. An avalanche event and a
period of snowfall with strong winds chosen as case studies, show the potential of the proposed system to detect changes in
the snow depth distribution on a low decimeter level, or better. The results obtained so far indicates that a measurement system
with a few setups in or near an avalanche slope can provide information about the snow depth distribution in near-realtime.
We expect that such systems and the related data processing will in the future support experts in their decisions on avalanche

safety measures.

1 Introduction

People and infrastructure in mountainous areas with seasonal snow cover face avalanche danger. There are different possibilities
to mitigate the associated risks. Common routines in temporary avalanche protection include 1) avalanche warning, 2) closing
of infrastructure e.g. roads, 3) evacuation of people, and 4) triggering small sized avalanches using explosives. Such measures
have significant impact on people and their economy, so the aim is to apply such measures as precise as possible. However, local

experts have in most cases limited information on which to base their decision. They mainly rely on the avalanche bulletin,
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the weather forecast, if available automated weather stations, and most importantly, on their own intuition and experience.
Among other parameters, the current snow depth distribution in the avalanche release areas would be valuable information.
The variations in snow depth provide information about the proportion of snow transported by the wind, which is one of the
major drivers causing avalanches (Schweizer et al., 2003).

There are different methods to measure snow depths. The most traditional method is to stick a pole or stake with a scale into
the snow cover and read off the snow depth, which gives a point measurement at a specific time. This type of measurements
can also provide a time series, if the pole is permanently installed and a camera is set up to automatically take pictures of
the pole (Garvelmann et al., 2013; Dong and Menzel, 2017; Kopp et al., 2019). Other methods for the measurement of snow
depth as a time series are the use of ultrasonic sensors, often as part of automatic weather stations (Lehning et al., 1999), or
GNSS reflectometry (Larson et al., 2009). However, single point measurements give only local information and do not reveal
the variations of snow depth across a slope.

For areal acquisitions of the snow cover the most used systems are lidar (Light Detection and Ranging) sensors and photo
cameras. Both systems are either used from the air or on the ground. Airborne systems have the advantage of better spatial
coverage (less topographic occlusions) and optimal acquisition angles (sensors on the platform approximately looking down-
ward have a (mostly) orthogonal view on the recorded surface). Civilian Uncrewed Aerial Vehicles (UAVs) typically operate
at low altitudes above ground (e.g., up to about 200 m). When used as a carrier platform for photo cameras or lidar sensors,
they therefore allow obtaining a high spatial resolution (cm-level) (Biihler et al., 2016; Harder et al., 2016; Jacobs et al., 2021),
but the area that can be covered per campaign is limited to a few square kilometers. When using airplanes (Biihler et al., 2015;
Nolan et al., 2015; Biihrle et al., 2023) or satellite platforms (Romanov et al., 2003; Marti et al., 2016; Shaw et al., 2020),
the covered area can be much bigger, but the achievable spatial resolution decreases. Due to high costs, one disadvantage of
airborne systems is the limited temporal resolution. With a ground-based system, that can measure (almost) continuously and
autonomously, an area of interest can be acquired with higher temporal resolution, but with the drawback of having shadowing
effects due to topography and often unfavourable acquisition angles (large angles between the sensor and the surface normal).

For the computation of a 3D model using photo cameras, each point needs to be captured in at least two images from
different viewpoints. This can be achieved with a setup of multiple cameras (Basnet et al., 2016; Deschamps-Berger et al.,
2020; Filhol et al., 2019; Mallalieu et al., 2017) or one moving camera capturing overlapping images, (Liu et al., 2021; Biihler
et al., 2015; Biihrle et al., 2023; Marti et al., 2016; Shaw et al., 2020; Bernard et al., 2017). Photogrammetric approaches rely
on recognisable features in the acquired images. For the application on snow it is important that the snow cover shows certain
features, for example structures induced by wind, and that illumination conditions are favorable, such that those features are
visible in the captured images (Biihler et al., 2016, 2017).

Lidar sensors on the other hand use an active measurement technique, where modulated light is emitted, e.g., a light pulse, the
direction of emission and the time of flight until reception of the reflected light are recorded, and the position of the reflecting
surface relative to the lidar sensor is calculated. Therefore, compared to photogrammetric acquisitions, lidar sensors are less
dependent on the ambient light, do not require radiometric surface texture, and can also operate during the night. An important

criterion for the application of lidar sensors on snow is the operating wavelength. The most suitable wavelengths are in the near
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infrared region of the electromagnetic spectrum (800-1100 nm) (Wiscombe and Warren, 1980; Prokop, 2008). Most available
lidar sensors use a wavelength of 1550 nm, where the re ectance of snow has a local minimum. It is possible to measure snow
at that wavelength, but the achievable range is constrained (with respect to the maximum range speci cation of the sensor), anc
the snow surface needs to be dry and compact. The highest re ectance of snow is at around 500 nm, but at this wavelength the
penetration of the signal into the snowpack reaches about 0.1 m (Deems et al., 2013), so the re ected signal does not represer
only the snow surface. The optimal wavelengths are at 900-1100 nm, where the re ectance of snow is high, and the majority
of the signal is re ected from the top 0.01 m (Deems et al., 2013). The best known lidar sensor for the application on snow and
ice is the Riegl VZ6000 terrestrial laser scanner (TLS), which was especially developed for that purpose. It uses a wavelength
of 1064 nm and has a measurement range of up to 6000 m. Itis used in various applications, often to measure glaciers at large
scale (Voordendag et al., 2021; LeWinter et al., 2014), or studies to monitor snow surface variations and avalanche properties
(Hancock et al., 2018a, b; Fey et al., 2019; Hancock et al., 2020). However, the Riegl VZ6000 TLS is very costly, it operates
in laser class 3B, which is not eye-safe in its optimal operation mode at short ranges (few hundred meters) and an autonomou:
operation is very challenging during winter in an alpine environment, in terms of power supply, a stable setup of the sensor and
weather protection (Voordendag et al., 2023).

Alternatives can be found in the automotive industry, where the market for low-cost lidar sensors is evolving fast. Many of
these sensors have a wavelength of around 900 nm, they are very robust for harsh environments as they are designed for yea
round outdoor use, and they operate in the short to medium range (maximum few hundred metres). Snow scientists have alread
been attracted to use such sensors to measure snow cover properties either using UAVs (Jacobs et al., 2021; Dharmadasa et ¢
2022; Koutantou et al., 2022), or ground-based mobile platforms (Jaakkola et al., 2014; Donager et al., 2021; Goelles et al.,
2022; Kapper et al., 2023).

Herein we present a monitoring system, that is using a low-cost lidar sensor in a static ground-based, and automatic and
autonomous application. The aim is to monitor the snow depth variations in an avalanche release area at high spatiotempora
resolution. In this paper we describe the monitoring system and the experiences over the rst operating season. We also preser
preliminary results and case studies, that show the potentials and limitations of the proposed system.

2 Monitoring system

The purpose of the monitoring system is to build up a snow depth database of high spatial and temporal resolution covering an
avalanche release area. The main snow depth measurements are done using lidar sensors. RGB images collected using sing
lens re ex (SLR) cameras complement these data. Additionally, we installed meteorological sensors at the stations to observe
wind speed and direction, air temperature, relative humidity, and snow surface temperature. These data will later serve as
input data for a modelling approach, where we aim to predict the snow depth variations. The system is ground-based, operate:
autonomously (power supply by solar panel and wind turbine) and transfers the data regularly to a server (once per hour) which
allows for remote monitoring and data analysis. In the remainder of this section, we elaborate on the study site and setup, the

chosen instruments, power supply and communication, and the photogrammetric data which we used for validation.
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Figure 1. Overview of the study area with (a) the location of Davos in Switzerland, (b) the location of Braemabuel in the area of Davos and
the locations of nearby weather stations Weiss uhjoch (WFJ) and Stillberg (STB), and (c) a close up map of the study area Braemabuel, with
the outline and release area of the Wildi avalanche in 2019, the region of interest (ROI) around the typical release area, and the location of
the measurement stations Braemal (1) and Braemaz2 (2) (map source: Federal Of ce of Topography).

2.1 Study site and setup

The study site is the release area of the "Wildi" avalanche path at Braemabuel, in the Dischma valley, a high-alpine valley in
the area of Davos in southeast Switzerland (Fig. 1). The valley is permanently inhabited, and the road is kept open in winter.
Several avalanche paths threaten the road, and it had to be temporarily closed several times in the past years due to avalancl
danger (Zweifel et al., 2019). The slope of the study site faces northeast and has an inclination of 30—45 degrees. Figure 1
shows an overview of the study site with the mapped outlines of the Wildi avalanche from 2019, as an example of a recent
large avalanche in this area. For a suitable coverage of the region of interest we installed two stations. Their locations were
determined in three steps: 1) checking the geometrically possible maximum view-shed for the laser beam in a GIS tool, 2)
checking the typical snow depths using previous snow depth acquisitions of the area to ensure that the station would not get
buried, 3) checking the surroundings of possible locations on-site, in the eld to nd suitable mounting possibilities, such as
stable bedrock.

Station Braemal (Fig. 2a) is mounted on the side of a large rock in the middle of the slope, on a subtle ridge at an altitude of
2191 m a.s.l., where the the snow depths are shallower than the average of the area, as the snow tends to be eroded by the win
at this location. Station Braema?2 (Fig. 2b) is located on the top of the main ridge (altitude: 2255 m a.s.l.), just high enough to
get more sunlight, but low enough to be able to view into the region of interest. The pole carrying all equipment is screwed
directly to the rock on the ground, at this location. Both stations were installed on 23 November 2023.

In order to register the lidar point clouds between epochs, identi able targets in each scan are required. For this purpose we
mounted several mini-prisms in the region of interest, choosing places that are assumed to be stable and that are not completel

covered in snow in the winter season (Fig. 3). However, there were no suitable locations on the slope to be visible from the






