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ABSTRACT.

Traditional methods for surveying the spatial and temporal distribution of snow are often
time-consuming, costly, and potentially hazardous. To address these challenges, we propose
a novel approach utilizing a newly developed sensor system based on cost-effective industrial
lidar sensors. This system is designed to be mounted on cable cars, enabling continuous envi-
ronmental scanning during regular operations. The system integrates data from the lidar, an
Inertial Measurement Unit (IMU), and Global Navigation Satellite System (GNSS), employing
a Simultaneous Localization And Mapping (SLAM) algorithm to generate detailed maps of the
area. In our initial testing on Hoher Sonnblick, we benchmarked our data against conventional
laser scanning and structure-from-motion techniques. Four experimental runs were conducted
over a single day using the same cable car equipped with our setup. The SLAM algorithm had
some difficulties in areas without many distinct features and aligning two 3D point clouds with-
out Ground Control Points (GCPs) was challenging. However, our system achieved precision
within the centimeter range, with the error mean of —0.0002m and the standard deviation of
0.0328m, enabling us to accurately detect day to day changes. Despite some operational chal-

lenges, the results confirm the feasibility and effectiveness of this innovative method.

INTRODUCTION

Understanding the spatial characteristics of a snowpack
in mountainous regions, particularly parameters like Snow
Water Equivalent (SWE), is crucial for several critical as-
pects, including the assessment and forecasting of snow-free
periods, estimation of snow-melt volume, and evaluation
of avalanche hazards (e.g., Deems and others, 2013). This
knowledge is relevant for climatological studies (Marty,
2013), tourism (e.g., Robert and others, 2019), hydro-power,
water supply (Beniston and others, 2018), and ecological
aspects (Rixen and others, 2022). The intricate interplay be-
tween snowfall, wind, terrain, and vegetation, compounded
by the process of snow metamorphism, presents a chal-
lenge for accurate measurement of the snowpack. Manual
assessment of snow depth is not only costly, time-intensive,
and potentially hazardous but also disrupts the snowpack.
Automatic snow depth monitoring, in conjunction with an

automatic weather station, does not have these disadvan-
tages, but to this point is still mostly point observation
based. Furthermore, relying solely on point measurements
proves inadequate in capturing the variability inherent in
snow depth across diverse terrains (Biihler and others, 2015).

Light Detection and Ranging (lidar) is able to acquire
high-resolution data, ranging from a few millimeters to a
few dozen millimeters between adjacent points, depending
on the range (e.g., Pesci and others, 2011). This point data
is typically acquired from the ground using Terrestrial Laser
Scanners (TLSs) or from the air using Unmanned Aircraft
System (UAS) or common aircrafts. Calculating snow depth
requires two co-registered point clouds, by subtracting
a dataset without snow from one with snow. Therefore,
to study the temporal evolution of the snow cover, one
dataset without snow is sufficient, while the current snow



2 Dikic and others: Lidar-based snow monitoring

cover needs to be monitored at the desired time intervals.
In recent years, semi-permanent installations of TLSs to
monitor glaciers have been erected (Voordendag and others,
2022, 2023), but they come at a high cost since a housing
with power supply needs to be built or adapted, and the
TLSs cost more tharg, 150,000. An alternative to a static,
long-range mounted lidar is the use of several mobile, short-
range lidars. UAS surveys o er another promising approach
to snowpack monitoring, providing high-resolution spatial
data collection over large areas. However, there are several
drawbacks to consider. UAS operations are o en limited by
weather conditions, flight time, and ba ery life, which can
restrict the areas and timescales over which data can be
collected. Additionally, regulatory restrictions and the need

for skilled operators can pose significant challenges.
Fig. 1. Weather/snow conditions on the day of the survey: (a)

. . View from the valley station towards the Hoher Sonnblick summit;
Recently, low-cost automotive lidar have been used (b) View from the gondola towards the valley station.

statically for snow monitoring (Kapper and others, 2023;

RSnowAUT-Konsortium, 2023; Ru ner-Jansen and others,

2024) and monitoring of a river bank (Perks and others, strumentation and ground truth data, followed by the sec-
2024). In this paper, we explore the feasibility of employing tions on data processing and results, and finally we end the
automotive lidars mounted on cable cars and ski lis to paper with the discussions and conclusions.

increase spatial and temporal coverage. Currently, there are

24,256 ski li s in operation across 6,148 ski resorts in the

entire world (skiresort.at, 2023). Beyond recreational use,STUDY AREA

these li s also play a essential role in urban transportation \ye performed the proof of concept measurements at Hoher
and in transporting vital goods, such as food and supplies, gonnplick in the Hohen Tauern mountain range in Salzburg,
to remote mountain huts in the Alps. Consistently traveling. Austria. The Sonnblick Observatory, which is operated by
the same routes over snow-covered landscapes, these li she austrian Meteorological Service, is located on its sum-
operate in areas fr_equently _expose_d to avalanche risks. it at around ,++ m Above Seal Level (ASL). It stands out
The reduction in price and size of lidar sensors over the 55 4 ey site of several international atmospheric monitor-
past decade has led to an increase in their popularity. jnq networks and has a continuous measurement series since
Initially, their main market was the automotive industry, 1ggg (sonnblick.net, 2024). In 2018, the cable car from Kolm
but many new applications have emerged. The wavelengthg,igum (+f..m ASL) to the observatory was rebuilt, making
of most automotive lidar systems is well-suited for sNOW j; nossible to safely transport people and equipment, even at
and ice applications, as it is usually betweggtam and g winds. The cable car runs along the north-east side of
Se,nm (Ous, 2021; Vel, 2018), where snow and ice are highlyhe mountain over the length ofst..m, with a maximum
reflective (e.g. Hotaling and others, 2021). speed oftm{s. As the gondola is not open for public use,
it provided us with the perfect opportunity for a field test.

In this study, we investigate the potential of permanent The measurement campaign took place on March 21, 2023,
snow and ice monitoring from a lidar mounted on a cable when the survey area was completely covered with snow,
car. Focus is put on 1.) the accuracy and precision of thewith a snow depth in the valley of aboutetm (see Figure
snow surface detection, 2.) the influence of di erent mount- 1).
ing positions of the lidar on the gondola, 3.) the robustness
of the SLAM algorithm to generate a cumulative point cloud INSTRUMENTATION
from the moving lidar, 4.) investigate the potential errors in-
troduced by vibrations and wind-induced movements of the
cable car, and 5.) comparison between the lidar generate
scan and the scans generated using UAS and TLSs. A er a'he main setup is sketched in Figure 2. A sensor unit can
brief introduction to the study area, we first present our in- be mounted on various moving components of ali , such as

dJ\/Iain setup and measurement concept
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gondolas, chairs, or any other suitable part, to consistently
and repeatedly measure the three-dimensional position of
the snow surface. The sensor unit consists mainly of a li-
dar, an IMU, and a GNSS linked to a data-logger and power
supply. However, the GNSS is optional, as satellite coverage
is not always ideal in narrow mountain valleys (Kunisada
and Premachandra, 2022). Therefore, ideally the SLAM algo-
rithm together with GCPs should be enough to georeference
the point cloud. The lidar can be gt © rotating system, or
have a more narrow field of view facing the snow surface be-
low. Automotive lidars have frame rates @f to feHz, which

is needed to avoid obstacles at speedsrof km{h and more.
This high frame rate together with the data from the GNSS
and IMU is then used to generate a high-resolution cumula-
tive point cloud using a SLAM algorithm.

Sensor system and mounting position

. . Fig. 2. Concept of the setup. A small rotating lidars( to feHz)
With only one support, the Sonnblick cable car ascends atis mounted on a gondola or chair. On the way up and/or down

a steep angle near the top with the summit couloir almost point cloud data is collected and then post-processed with a SLAM

straight ahead. To also cover this part well, which is espe- ajgorithm to get a cumulative point cloud. Then the snow free point
cially interesting in terms of snow avalanche activity, the cloud is subtracted to get the snow depth

lidar sensor, including the IMU, was mounted to the out-

side of the gondola facing the front and oriented obliquely

downwards at an angle of approx,” °. The GNSS antenna sible to use automotive lidar sensors also for other applica-
was mounted flat onto the roof of the gondola and all cables tion domains, e.g., snowpack monitoring and glacier moni-
were routed to the cabin (see Figure S1 in the Supplements)toring. Other than the sensors, MOLISENS consists of a data
For time synchronous recording of the sensor data, our cus-logger that is based on a Raspberry Pi 4 and external ba er-
tom logging unit MObile Lidar SENsor System (MOLISENS)ies. The used lidar, the Ouster 0S2-64 Gen6, has a horizontal
running Ubuntu 20.04 and Robot Operating System (ROS)resolution of up to 2048 points igte ® and a vertical resolu-
was used (for details on the system see (Goelles and oth+ion of 64 points inf f:1°. The Ouster 0S2-64 Gené6 rotates
ers, 2022)). ROS enables time synchronous data logging froralong the horizontal plane and achieves vertical resolution
multiple sensors into one database file (rosbag) for simplified with 64 vertically aligned receivers, allowing frame rates of
and standardized storage and data analysis. MOLISENS isip to feHz.

a system integrating automotive lidars and optionally other

automotive perception sensors independently from a com-

plete vehicle setup, e.g., developed for autonomous or autoRiegl VZ-6000 TLS

mated driving (Goelles and others, 2022). This makes it pos;l_he Riegl VZ-6000 TLS is a high-end TLS that provides very

detailed and accurate point clouds (including full-waveform

Table 1. Instrument Overview information) with a range of up tatese m, depending on vis-
ibility. The wavelength of the Riegl VZ-6000 s ...nm and
Riegl VZ-6000 Ouster 0S2 UAS therefore well suited for snow and ice application, as well
Max. Range fees m fem N/A as for veget_atlon, soil, and gravel._ The Rlegl VZ-6000 ap-
plies a rotating scanner system with a single laser source
Wavelength ,f...nm %60 ¥im Visible light  and a single receiver device, hence each measurement point
_tem .cm is recorded individually. A high precision gear box is used to
Accuracy o/t m atfem -cm move the scanner horizontally and a rotating mirror is redi-
Vertical recting the laser beam along the vertical axis. Compared to

Method line scan SLAM SFM the MOLISENS sensor system, the Riegl VZ-6000 is signifi-
cantly more expensive (order gf 100,000 - 200,000), larger
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two di erent starting points were selected: one east of
the Sonnblick Observatory and another at the base of the
Sonnblick north face. To precisely reference the UAS im-
ages, ten GCPs were installed at the base of the wall and
in the ridge area prior to the UAS flight. The flight en-
compassed six flight plans covering a total distance of ap-
prox. ,» km. To avoid shadowing and ensure a comprehen-
sive model of the entire investigated flank, images were cap-
tured both at nadir and perpendicular to the mean slope of
the terrain. The target resolution for the imagery was set to
tcm. The surveyed area spanned approxfkm/, with ele-
vations ranging fromf fee to ,,»¢ meters ASL. During the
mission, over 700 images were captured in raw data format.
Uniform lighting conditions throughout the flight duration
facilitated high data quality, with an average Root Mean
Square (RMS) error of .cm.

MOLISENS DATA PROCESSING

MOLISENS stores lidar data in a specific Ouster message
format (ouster_ros/PacketMsg), not the standard ROS 3D
point cloud format (sensor_msgs/PointCloud2). To use this
data, a custom ROS package processes the raw data from a
rosbag, saving the standardized output into a new rosbag.
This new rosbag contains data in standard formats suitable
for later processing. A er preprocessing, the raw recorded

data can be utilized in SLAM algorithms and for further anal-
Fig. 3. Riegl VZ-6000 deployed at the bo om station of the cable ysjs,

car. Note the cables of the gondola which goes all the way up to
the peak, where the Sonnblick Observatory is located. Also note
the large number of occluded areas and the cli . IMU and GNSS data analysis

Analyzing the IMU and GNSS data can unveil valuable in-
and heavier (order ofe - fekg), less robust (IP64), and re- formation about the dataset itself, as well as the conditions
quires a very stable and solid tripod for operation in the field. under which the survey was performed. GNSS data, specif-
A full high-resolution scan of an area comparable to the area ically, provides information about the latitude, longitude,
investigated in this paper takes about an hour. This, together and the altitude of the sensor throughout the survey. Vi-
with the time and e ort demanding set up, reduces typically sualizing this data not only provides a clear picture of the
the amount of view points significantly (e.g., in this paper, sensor's trajectory but also facilitates the detection of any
we consider only one view point for the Riegl) and thereby anomalies within the dataset that warrant closer scrutiny.
increases the occluded areas in the final scan (see Figure 3)JMU data is even more valuable, since it provides informa-
The data quality in terms of accuracy and precision of the tion about external forces, i.e. wind, cable bending, etc., af-
Riegl can be considered an order of magnitude be er then fecting the motion and stability of the sensor system. These
the MOLISENS system. can be visualized and inspected on the linear acceleration
and angular velocity plots. The plots can show the values
overtime, or, by using Fast Fourier Transformation (FFT), the
data can be converted into the single spectral components,
On August 23, 2023, the survey area was mapped using #hus providing frequency information about the individual
DJI Phantom 4 Pro UAS equipped with a Post-ProcessedMU data. This frequency information provides more infor-
Kinematic (PPK) Global Positioning System (GPS) extenimation about the nature of external forces that are a ecting
sion. Due to the challenging topography of the study area, the sensor system. For the analysis of the IMU and GNSS

UAS survey
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