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accurate information about the location and extent of released avalanches is critical for public safety and decision-making.
However, such data is difficult te-obtainand expensive to obtain in remote locations. Uncrewed fixed-wing aerial vehicles, due

to their low cost, long range, and high travel speeds, are promising platforms to gather aerial imagery to map avalanche activity.
However, autonomous flight in mountainous terrain remains a challenge due to the complex topography, regulations, and harsh
weather conditions. In this work, we present a proof of concept system that is capable of safely navigating and mapping
avalanches using a fixed-wing aerial system (UAS) and discuss the challenges arising for operating such a system. We show
in our field experiments that we can effectively and safely navigate in steep mountain environments while maximizing the
map quality and efficiency while meeting regulatory requirements. We expect our work to enable more autonomous operations
of fixed-wing vehicles in alpine environments to maximize the quality of the data gathered. By enabling the acquisition of
frequent and high quality information on avalanche activity, such drone systems would have a large impact of safety critical

applications such as avalanche warning, mitigation measure planning or hazard mapping.

1 Introduction

Spatially continuous documentation of hazardous natural processes such as snow avalanches, rockfalls, or debris flows provides
critical information for risk management. Knowing the history - when, where, and under which conditions these processes have
occurred helps to continuously assess and act upon risk levels of the hazard. For snow avalanches, the natural hazard claim-
ing most lives in Switzerland on average (Schweizer, 2008), informed decision-making relies on the large-scale availability

of, among others, the spatial extent and size of occurred avalanches. This data benefits applications including hazard map-
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ping, mitigation measure planning and evaluation, risk analysis, avalanche warning, numerical avalanche models, as well as
avalanche research.

However, as avalanches occur in remote and potentially dangerous locations, this data is difficult to obtain (Schweizer et al.,
2021; Biihler et al., 2019). Consequently, available data sources are often limited to easy-to-access locations and events, leaving
an incomplete and possibly biased state of information and understanding. Historically, avalanche data acquisition has relied on
human observers, more recently complemented by stationary sensors like Doppler radars or infrasound (e.g., Schimmel et al.,
2017) or remote sensing with satellites, airplanes or drones (e.g., Eckerstorfer et al., 2016; Hafner et al., 2023). Doppler radars
and infrasound require in-situ infrastructure and only cover limited areas. Both optical (Lato et al., 2012; Biihler et al., 2019;
Hafner et al., 2022) and synthetic-aperture radar (SAR) (Eckerstorfer et al., 2019; Leinss et al., 2020; Bianchi et al., 2021) from
satellites have been successfully used to automatically detect avalanches over large areas. However, suitable satellite data can
be expensive (e.g., Biihler et al., 2019), may lack the temporal resolution for monitoring (e.g., Hafner et al., 2022), may struggle
with capturing smaller avalanches (e.g., Hafner et al., 2021) or in case of SAR, only capture parts of the avalanche (Eckerstorfer
and Malnes, 2015; Hafner et al., 2021). Unlike satellite imagery, aerial imagery acquired with airplanes or drones allows for
photogrammetric reconstruction of the surface which provides information on the snow (volume) distribution and the release
height of avalanches in addition to the avalanche area from release to deposit (e.g., Biihler et al., 2015; Meyer et al., 2022;
Biihrle et al., 2023). However, manned-crewed airplanes have high operating costs and limited deployment availabilities per
season (Biihler et al., 2016).

Utilizing easily manageable small uncrewed aerial systems (sUASs), also denoted as drones, could provide the benefits of
using aerial imagery at a fraction of the cost of operating manned airplanes. The high speed (order of 5ms *to30ms 1), long-
range, and ability to be deployed with relatively little fixed ground infrastructure makes fixed-wing type sUASs particularly
well-suited to capturing remote imaging data over hard-to-access areas. SUASs have already proven their usefulness in various
applications for large-scale environmental monitoring (Lin and Lee, 2008; Astuti et al., 2009; Vivaldini et al., 2019; Shah et al.,
2020; Islam and Hu, 2021; Jouvet et al., 2019; Teisberg et al., 2022).

We envisage the data-collection process for avalanches by collecting remote imaging data with an SUAS. An sUAS capable
of autonomously traveling long distances to reach multiple remote interest areas, mapping the avalanche release area, and safely
returning to the start location would provide high-quality avalanche distribution data with accurate release volume estimates.
The envisioned workflow would be as follows. In the first stage, one or multiple target regions of interest (ROIs) would be
pre-selected by a domain expert operator with an understanding of the conditions that are most likely to cause avalanche events
(Fig. 1a). Alternatively, modeled avalanche terrain (e.g., Biihler et al., 2022) could be used. Next, a subset of reachable ROIs
would be selected for a single sortie, and passed to the SUAS (Fig. 1b). On reaching the ROI, the vehicle gathers image data
autonomously for photogrammetry and ensures that the gathered images produce an accurate reconstruction (Fig. 1c). Once
all the image data is acquired, the vehicle should safely return to the launch site. The photogrammetrically processed data can
then be used to determine the release and deposit height, release volume, avalanche area, and snow depth distribution.

Executing such a mission with an sUAS first requires a route optimization method to determine which ROIs fit within a

single sortie. Then, the vehicle should be capable of navigating safely towards the ROI, efficiently map the avalanches, and
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Figure 1. Overview of the autonomous avalanche monitoring using a long-range xed-wing UAV. (a) Scienti c domain expert de nes
multiple ROIs which can be avalanche release areas. (b) A subset of reachable ROI would be selected for a single sortie and passed to th
sUAS (c) Once reaching the ROI, the vehicle will gather image data for use of photogrammetry where the release volume, avalanche outline
and texture of the snow can be acquired.

nally move to the next ROI or return to the launch location. Due to the nite image resolution, vehicles might need to y
close to the snow surface in order to acquire image data with the necessary ground sampling distance (GSD). Moreover, curren
regulations applied in the EU and Switzerland (European Commission, 2019) require the vehicle to maintain a close distance
to the terrain. However, operating xed-wing aerial vehicles in steep alpine environments remains a major challenge as they
operate at high speeds and are severely limited in maneuverability. This increases the risk of the vehicle entering an unsafe
state, as the terrain might become steeper than the vehicle can climb, or narrower than the vehicle can turn (Lim et al., 2024a).
The presence of mountain forests at steep slopes with trees oB3miteight above ground further reduces airspace margins

and increases the probability of crashing. Additionally, state-of-the-art image data-gathering surveys are pre-planned using a
sequence of automatic or handcrafted waypoints. However, these methods struggle to ensure safe and regulation-compliar
operations for xed-wind sUASS, especially in steep alpine terrain. Furthermore, pre-planned surveys are unable to account for
interferences such as wind gusts, that disturb the different viewpoints away from those planned, potentially resulting in poor or
incomplete reconstruction.

In this paper, we address these challenges using an autonomous planner capable of navigating in steep mountainous terra
and autonomously mapping the terrain surface for photogrammetry reconstruction. As the vehicle is operated autonomously,
there is no longer a need to explicitly pre-plan the mission, allowing the operator to dynamically change the behavior during
ight. This can be useful to adjust the vehicle's mission depending on changing situations, such as weather conditions, which is
not possible with conventional pre-planned missions. The vehicle navigates to the ROl autonomously using a safe path planner
Then, the system collects high-quality photos by actively optimizing viewpoints during ight for reliably creating a photogram-
metric reconstruction of the terrain. This work integrates recent advances in xed-wing navigation and mapping (Lim et al.,
2023b, 20244, b) into an integrated system for avalanche mapping. We demonstrate and evaluate the approach by deploying a
integrated tiltrotor vertical takeoff and landing (VTOL) system in alpine terrain in Davos, Switzerland (Fig. 2). Ultimately, our

work is a step towards a xed-wing sUAS that can autonomously map avalanches.
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(a) VTOL platform in ight (b) Overview of airframe and components.

Figure 2. a) Image of the tiltrotor VTOL platform taking off during the eld deployment in a narrow valley in Davos, Switzerland. b)

Airframe and components of the system.

2 Prior Work
2.1 Environmental Monitoring with SUAS

Easily manageable sUAS have become a data collection tool for environmental (Dunbabin and Marques, 2012),hazard and dis:
aster monitoring (Gomez and Purdie, 2016). Especially, multirotor type sUAS are popular, due to their mechanical simplicity,
agile ight characteristics, and minimal requirements for ground infrastructure. However, multirotor type sUAS are not energy
ef cient, limiting their range and ight time, and therefore not well-suited to large-scale environment monitoring tasks. In
contrast, xed-wing type sUAS are more ef cient, with long range and fast cruise speed, which are well suited for large-scale
environment monitoring tasks. Therefore, xed-wing type sUAS have been used for large scale environment applications such
as hurricanes (Lin and Lee, 2008), volcanoes (Astuti et al., 2009) and forests (Vivaldini et al., 2019).

In alpine environments, SUAS has been used for snow depth mapping (Vander Jagt et al., 2015; Harder et al., 2016; Buhler
et al., 2016; Buhler et al., 2017; De Michele et al., 2016) or monitoring glaciers (Jouvet et al., 2019; Teisberg et al., 2022).
Bihler et al. (2016) showed that using photogrammetry with a camera mounted on an sUAS can provide high-quality snow
depth data. However, homogeneous snow texture remains a signi cant challenge due to a lack of distinct visual features re-
quired for reconstruction (Buhler et al., 2017). Captured avalanches can be easily mapped manually (Buhler et al., 2019) or
semi-automatically (Hafner et al., 2022) from the generated orthophotos. Outlines mapped from georeferenced data contain ar
existential uncertainty as different human experts map the avalanches slightly differently, but they lack the positional uncer-
tainty inherent to avalanches mapped from the ground (Hafner et al., 2023).

However, most of the previous approaches rely on preplanned paths that are carefully hand-designed using a sequence c
waypoints. This requires expert planned missions which may be hard to dynamically alter during operations, making it dif cult
to ensure safe operations when something unforeseen changes. Additionally, the tight altitude coriaim&s3L) posed



