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Abstract
This study presents the first systematic field evaluation of dock-based UAV (Uncrewed Aerial Vehicle) systems for geohazard

monitoring in mountainous terrain. We tested-assess their potential to provide reliable, high-frequency, and automated

monitoring of surface changes —across three different emvirenmentshazard scenarios: (1) a fast-moving glacier icefall
(Supphellebreen, Norway), (2) an unstable rock slope (Skjeld, Norway), and (3) a post-failure landscape resulting from a
catastrophic rock-ice avalanche (Blatten, Switzerland). Effective hazard management requires timely detection of displacement
patterns and terrain change. To address these issues, we introduce an automated workflow integrating multitemporal UAV
dock data acquisition with an end-to-end processing pipeline for displacement field generation and change detection. The
results show that this workflow has the potential to provide data at centimetre-level accuracy before, during, and after hazard
events, supporting both precautionary risk assessments and timely decision-making in critical phases of potential hazard
evolution. Wider adoption will depend on supportive regulatory frameworks, reliable power and communication infrastructure,
and sufficient expertise to ensure effective operation, maintenance, data interpretation and risk management. Overall, dock-
based UAV systems represent a significant technological advancement in efficient geohazard monitoring, facilitating rapid
response in critical situations, thereby contributing to increased resilience of communities living in vulnerable mountain

environments.

1 Introduction

Unstable rock slopes and glacier hazards such as ice avalanches, glacier collapse, and glacier lake outburst floods pose

significant risks in mountainous regions, with increasing activity driven by climate change (Stoffel et al., 2024; Stuart-Smith
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et al., 2021). The growing threat of these natural hazards;, that-which can potentially develop into multi-hazard cascades with
catastrophic consequences, emphasises the necessity for highly flexible monitoring and continuous risk assessments (Clague
et al., 2012; Klimes et al., 2021; Picarelli et al., 2021; Zhong et al., 2025). One example of such a multi-hazard cascade was
observed in the catastrophic failure event of the Birchgletscher inBlatten-in May 2025, where different-drivers—including
several larger rockfalls onto the glacier triggered theits’s collapse-ofthe-elacierbed, which initiatinedevelopeding into a rock-
ice avalanche. -with-subseguent-debrisflows;The whese deposits from this event buried the village Blatten and dammed the
river Lonza, creatingthe a lake with-thereby-inereasingthe potential for -flooding (Biintgen et al., 2025) (Clagneetal 2042
- Mem{efmg—Monltorlng—ts alongside modelling approaches and

prior knowledge on hazard dynamics, represents a critical pillar for

aby-way-te-predietpredicting hazardous events in mountain environments and protect

viherable-exposed communities Hving-in-these-(Kristensen et al., 2021; Stéhli et al., 2015).
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Despite significant advances_-in nremete-sensingmonitoring technologies, including terrestrial laser scanning, differential

global navigation satellite system (GNSS), interferometric synthetic aperture radar (InSAR), and camera systems, each

technique faces distinct trade-offs regarding spatial coverage, temporal frequency, logistical feasibility, and line of sight (LoS)
constraints (Dwivedi et al., 2016; Frodella et al., 2017; Huang et al., 2023; Schldgl et al., 2022). To overcome these challenges,
Uncrewed Aerial Vehicles (UAVs) equipped with with-eptical-instruments—Light Detection and Ranging (LiDAR) sensors
(e.g., Lelli et al., 2025) or digital cameras are increasingly deployed in mountain environments as an extension of the existing

geohazard monitoring toolkit (Gerstner et al., 2025-Eeli-etal;2025; Maschler et al., 20265; Redriguezet-al2020 Rossi et

al., 2018). Digital cameras carried by UAVs offer relatively-high-resolution imagery, and especially photogrammetric mapping

has become relatively cheap. Yet, conventional UAV surveys remain largely manual-and-campaign-based often limiting their

temporal frequency. While UAVs can follow predefined routes and cover mapping areas automatically, s-and-they-alsorequire

presence on site as well as several manualmanual stepsoperations en-site-sach-such as setup, unfolding, and battery changes

are required—whieh—is—eften—timiting—theirfrequeney. Recent advancements in automated_and; semi-autonomous UAV
technologies, such as base stations housing a UAV, often referred to as UAV docks or drone docks, enable a high frequency

of operations-te-be-earried-out-merefrequently, alse-cven in remote areas, as they reduce the need for human-interventionon-

site presence and physical access to hazardous sites.

In this context, it is important to distinguish between different levels of operational autonomy, particularly intghtbecause of

different regulatory implications. Automated UAV surveys generally refer to pre-programmed flight missions that follow

predefined waypoints while requiring supervision by a remote pilot, who remains responsible for safety and can intervene if

necessary, e.g., during mission planning or flight execution (Nex & Remondino, 2014). In contrast, fully autonomous UAV

systems would, once set in operation mode, be capable of independently deciding when and where to fly, as well as how and

when to acquire data, without relying on any human interventionintervention. While many modern UAV systems already

integrate autonomous functionalities, such as adapting to environmental conditions (e.g., wind speed changes) and obstacle

avoidance, these features operate at a subsystem level and do not eenstituteconstitute full systems autonomy. As long as higher-
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level decision-making and safety responsibility remain with a human operator, such systems are more appropriately classified

as automated or, at most, semi-autonomous. Autonomous systems, in the stricter sense, would require advanced onboard

intelligence enabling the UAV to execute mission-critical decisions entirely independently and without remote pilot oversight
(eze—EASA 2020: Nexand Remondino2014).). Accordingly, many current UAV dock systems fall within the automated to

semi-autonomous spectrum, combining pre-programmed flight routines with remote monitoring instead of: independently

being able to decide on or adapt to evolving monitoring priorities. (Nex-and-Remondino 2044

The design—ofsueh-dock-based UAV systems for-used in this study alewsallows for fully automated flight operations,

including take-off, mission execution, flight abortion in an-case of emergency, landing, charging, and wireless data transfer.

In a previous study, a-a similar astemateddock based UAV system was tested in-the-context-ofto -detecting-deteetmap surface

elevation changes for sediment monitoring_-in Switzerland (Walter et al., 2022). Although UAV docks represent a highly
nevelsignificant -advancement in automated UAV technology, their potential to enhance geohazard monitoring by tracking

surface displacements and changes in remote alpine environments and their usability across different geohazard environments

is yet largely-largely unexplored.
This study presents the first systematic field evalaatien-cvaluation of a drone dock-based automated UAV system ;-coupled €
with a new automated workflow for displacement and change detection,an€ tested across three contrasting geohazard settings

in mountainous terrain. yand-apphed-to-three-differentsettingsin-mountainousterrain—We demonstrate the potential of using

a UAV dock for hazard monitoring and assessment of (1) a fast-moving glacier icefall, (2) a complex unstable rock slope, and

(3) post-failure deposits from a catastrophic glacier collapse—. By assessing its-the operational reliability, data quality, and
monitoring capabilities under real-world conditions, this work addresses a critical gap in current research concerning the
practical deployment and performance of automated UAV systems. Beyond visual inspection of hazardous sites, effective
hazard management requires the ability to capture displacement patterns and track terrain changes in real time. To address this
challenge, we introduce a novel workflow that integrates multitemporal data acquisition from UAV docks with an end-to-end
processing pipeline for displacement field generation and change detection. Across the three test sites, the results Fheresults

from-our-three-test-sites-demonstrate that UAV docks provide wataable-highly spatially and temporally resolved data for pre-

failure assessment of unstable slopes and glacier hazards, rapid-response mapping immediately after failure events, and
situational awareness in the aftermath of catastrophic multi-hazard scenarios,: where aAccess for manual hazard

evalaatiorUAV surveys i-such-environments-is generally-impossible due to high risk. At the same time, we compare in which

scenarios manual UAV missions remain advantageous and those in which dock-based systems offer clear benefits. We evaluate

the feasibility and limitations of automated UAV technology, complemented by a brief accuracy assessment. Drawing on our
operational experience, we highlight how automated monitoring can contribute to both research on mass movements and
practical geohazard management. We identify current challenges and provide recommendations on what is needed to advance

automated monitoring networks in difficult to access and high-risk terrain.-
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2 Test sites & data

We tested our innovative monitoring approach, composed of a dock-based UAV system and an automated data processing
workflow, at two locations in Norway and one leeatien-in Switzerland: (1) Supphellebreen is an outlet glacier of Jostedalsbreen
ice cap, the largest ice mass in continental Europe; (2) Skjeld is a large and complex unstable rock slope in Vang municipality,
Norway; and (3) at-the Blatten locality in Lotschental, Switzerland, where ecenrred-a catastrophic ice-rock-debris avalanche

occurred in 2025. The selection of the sites was guided by the aim of capturing-a different geohazard types, process dynamics,

and operational constraints relevant to UAV-based monitoring. The sites represent contrasting hazard processes, including

glacier dynamics with potential glacier lake outburst floods, a slow-moving reckslopetnstabilityunstable rock slope, and rapid

post-failure mass—movements in deposited masses. In addition, and—furtherthe sites cover a range of spatial scales and

deformation rates—and as well as varying degrees of accessibility and feasibility for both conventional and UAV-based

monitoring approaches.

The terminal part of Supphellebreen consists of a fast-flowing icefall in steep and inaccessible terrain that makes conventional
measurement campaigns and the installation of in situ instruments impractical and hazardous. The complex unstable mountain
slope, Skjold, covers over 1.4 km? and has displacement rates below 1 m a™'. The terrain allows for implementing traditional
in-situ instrumentation, which is, however, time-consuming and contains substantial risk due to the unstable nature of the site
and frequent rockfalls. The third site, Blatten, represents a post-failure rock and ice avalanche scenario, where a UAV dock
was successfully deployed for hazard mapping and risk assessment. Following the rock and ice avalanche event, the area
remained inaccessible due to persistent instability, which prevented the use of conventional ground-based monitoring. In this

context, frequent UAV surveys enabled the generation of up-to-date high-resolution surface models, supporting ongoing

hazard assessment by documenting morphological changes, identifying zones of continued instability, and providing critical

spatial information for risk evaluation. It is important to note that the deployments in Norway were conducted as controlled

test cases, with an on-site operator supervising the automated surveys and to evaluate the technical feasibility and performance

of the dock-based UAV system and automated processing workflow under realistic field conditions.

operational settings-The central research question guidingof this study is to what extent automated UAV monitoring can

improve the observation and analysis of geohazards. Given the differences in process dynamics, spatial extent, and expected

deformation signals across the study sites, more tatloeredspecific research questions are formulated for each case. For
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Supphellebreen, the focus is on how high-frequency, automated UAV monitoring can capture short-term glacier dynamics in

a steep and inaccessible icefall, and which temporal and spatial resolutions are required to resolve these processes. For Skjeld,

the key question is how automated UAV systems can be applied to analyse complex slope instabilities characterised by
relatively low displacement rates- to delineaite the-instabilitydisplacement zones and detect- changes in the instabilityunstable
rock sloperoeck—fall-activity resultine from-the—instability. For Blatten, the study investigates the possibilities and limitations

of a dock-based UAV system for monitoring the temporal evolution of secondary hazards in access--restricted post-disaster

environments and seeks to derive operational lessons from its deployment. -
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2.1 Supphellebreen - an outlet glacier of Jostedalsbreen ice cap, Norway

Supphellebreen (61°28'31.1"N 6°48'31.5"E) is an outlet glacier in the southern part of Jostedalsbreen ice cap in Fjerland,
western Norway (Fig. 1). Its lower part is classified as a "regenerated glacier" because the glacier terminus is detached from
the main glacier above (Fig. 1a). The regenerated lower part is fed by snow and ice avalanche activity from an-the icefall at
the margin of the upper part of the glacier, and exists at a very low altitude of about 60 m asl; thereby, being the lowest glacier
in Norway. The heavily crevassed icefall channels glacier ice at high flow velocities from an accumulation area that reaches
up to 1690 m asl and has a maximum ice thickness of about 435 m (Gillespie et al., 2024) to a steep mountain slope where the

ice dry-calves (Fig. 1b). Although no previous studies are—availablefromabout the glacier dynamics and ice velocities of

Supphellebreen exist, it can be assumed that the ice flow velocity at the icefall is controlled by changes in ice thickness and

the amount of subglacial meltwater. Temporal variations in ice velocity and episodic acceleration during moderate to heavy

rainfall events and highintense melting of snow and ice melt—events—have been observed at other outlet glaciers from

Jostedalsbreen (e.g., Wangensteen et al., 2006; Hart et al., 2025)(diurnal-and-seasenal)-variations-in-the basal slidingveloeity

a consequence of climate change, Supphellebreen has lost approximately 16% of its area since its maximum Little Ice Age
extent in 1750 (Carrivick et al., 2022) and glacier change simulations indicate that Supphellebreen will undergo severe thinning

and recession in the future, particularly from the last decades of the 21st century (Akesson et al., 2025). In 2004, a glacier lake

Figure 1 a) Overview map showing the location of Supphellebreen, the icefall, the lake -and the regenerated glacier below. The monitored
glacier areas are highlighted in blue. Contour lines indicate elevation in m asl. b) The aerial imagery (camera location is indicated in a) as
an orange dot) -shows the heavily crevassed icefall at 1000 m asl. Location of Jostedalsbreen in Norway (inset) Elevation data: ©
Kartverket
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oeeurred—due to the breaching of a moraine ridge and the subsequent drainage of the moraine-dammed lake. The GLOF
impacted a popular hiking path, though no causalities occurred, as the event took place eutsidethe busyoff-season. The GEOE
—The debris-flow-volume of eroded -debris i

along the channel was approximately 240,000 m?, and around 250,000 m? of the valley’s farmland was inundated -(Breien et

al., 2008). In November 2022, an atmospheric river that affected Western Norway led to a anether-debris flow in the Tverrdela

catchment in Supphelledalen. While this event was smaller than the debris flows resulting from the 2004 GLOF, as it did not

involve moraine fatlurebreaching, it still caused considerable damage to fields, the road, and a bridge, isolating 5 people in the

valley (Andreassen et al., 2023: Buskas, 2024).

2.2 The complex unstable rock slope Skjold in Vang municipality, Norway

The complex rock slope instability Skjeold (61°08'48.0"N 8°26'33.2"E), is situated south of lake Vangsmjese in_Vang
Municipality, Norway (Fig. 2). The European Route E16 runs along the base of the slope, highlighting the potential hazard to
infrastructure. The bedrock in the area consists of strongly foliated phyllite of the Lewer-AHochthon{Fortun-Vang nappe) in

the lower section, overlain by gabbroic, granitic and monzonitic gneiss of the Jotun nappe (Heim, 2003). The unstable area

(1.4 -km?) extends from an elevation of 670 m asl up to the summit of Bergsfjellet at 1585 m asl. A prominent 250-meter-high
vertical cliff marks the upper boundary of the slope (Fig. 2b). The majority of the slope is covered by scree deposits, with
block sizes ranging from 1 m® to 500 m? and is characterized by displacement rates of up to 0.75 m a™'. Several distinctive rock
“towers” are located in the upper part of the slope. Recent failures from the vertical top cliff occurred in October 2019 and
2021, with major deposition on the scree below and single boulders reaching beyond the foot of the scree deposits (Norwegian

Water Resources and Energy Directorate ¥E-Atlas). In the western section, a well-defined rock slab with an estimated volume

of- >10° m? is bounded by up to 20 m wide open fractures and currently exhibits minimal displacement. However, due to its
considerable volume and the potential runout distance, this section represents a significant hazard in case of potential future
acceleration and failure scenarios. Frequent rockfall activity is observed across the slope throughout the year, with a marked

increase during spring, likely associated with freeze-thaw cycles and snowmelt processes._The site is currently under

investigation and has not yet been assigned a risk class within the Norwegian classification system for unstable rock slopes

(Hermanns et al., 2013).
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Figure 2 a) Location of the unstable rock slope Skjold above the road E16 and Vangsmjese-asd in eastern Norway (inset). Contour lines
indicate elevation in m asl. b) Photograph showing the 1Eocation of the main “tower”-, and-the failure events from 2019 and 2021 (red
outlines) and the rock slab (orange outline). The camera location is indicated in (a) by an orange dot. Elevation data: © Kartverket
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2.3 The multi-hazard cascade in Blatten, Lotschental in Valais, Switzerland

Following several rock slope failures from Kleines Nesthorn (Fig. 3) onto the underlying Birchgletscher (46°24°11.9” N
7°50°11.8” E); the Bircheletseher glacier collapsed catastrophically on 28 May 2025 (Biintgen et al., 2025). 9.57 x 10° £ 1.39
x 10° m® of rock and ice were deposited in Lotschental burying large parts of the village of Blatten (Yang et al., 2025). A UAV
dock was rapidly deployed and automated UAV flights were carried out one day after the event until 18 November 2025 to
monitor changes in the ice-containing landslide deposits, in the dammed or kettle lake formation, and to assist in ongoing
hazard assessment and response efforts.

The upper part of Birchgletscher has been monitored after thean due-to-twe-netable-historie snew—and-ice avalanche event
(40,000 m*)s in 1993-and-1999, that-which partially-impacted- skiing infrastructure (Walliser Bote, 1993)localinfrastructure.

Since 2019, however, the lower part of the glacier front advanced approximately by 50 m related to acceleration of ice flow.

Simultaneously, thinning of ice was observed in the upper reaches, while ice thickness at the lower part of the glacier increased
by 30 m between 2011 and 2023 (Farinotti et al., 2025). This may be explained by accumulation of rock debris from periodic,
pre-event rockfalls that insulated the glacier ice, reducing melting rates on the lower part of the glacier. Due to the enhanced
thickening and moderate rainfall, the glacier front started to accelerate to 0.5 m per day in the days up to the glacier collapse
(Islam et al., 2025)._A combination of drivers led to the multi-hazard cascade on 28 May 2025. These drivers likely included

terrain motion due to partial collapse of the unstable Kleines Nesthorn lying within an area of probable permafrost, and rock

) 630000 6°E 9°E

48°N

0 50 100 km

Q©swisstopo

\.“-

X B S\
Figure 3 a) Map showing the locatlon of the 1ce-rock debns avalanche from B1rchg1etscher and Klelnes Nesthorn in southwestern

Switzerland (inset). Contour lines indicate elevation in m asl. -b) Aerial photograph taken by the rapid mapping campaign (Source: FOEN,
swisstopo) showing the extent of the failure event from 28 May 2025, destroying the village of Blatten. The camera location is indicated in

(a) by a red dot. © Swisstopoe
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debris accumulation medivm-on the glacier surface of the underlying Birchgletscher (Farinotti et al., 2025). Furthermore, a
strong increase in rock-ice thickness would cause pressure melting and speed-upaccelerate efthe sliding velocity of a temperate
glacier. Consequently, Birchgletscher collapsed (i.e., the glacier front separated from the upper part of the glacier,
disintegrated, and was displaced down-valley) and buried the village of Blatten (Biintgen et al., 2025). Local authorities issued
an evacuation order for citizens to evacuate the village on 19 May 2025. Geohazard monitoring and timely early warning prior

the catastrophic—fature—eventreckfalland glacier collapse facilitated the evacuation of around 300 residents with their

livestock to nearby villages outside the hazard zone in Lotschental. The deposits dammed the river Lonza and created a lake
which necessitated close monitoring. Alongside the social and environmental impacts, the 28 May 2025 Blatten event also

caused a significant economic impact, with initial estimated costs of around 320 million Swiss Francs (Islam et al., 2025).

3 Methods
3.1 Novel automated monitoring workflow

In this study we introduce a new automated, end-to-end workflow for multitemporal 3D monitoring of complex mountainous
terrain, using an UAV operated from a dock. The workflow comprises five core components (Fig. 4): (a) flight planning
(human input), (b) flight management, execution, data capturing, and data upload done by the UAV dock_(automated; with

human remote supervision), (c) image processing and dense 3D reconstruction_(automated), (d) spatiotemporal change and

displacement analysis_(automated), and (e) accuracy assessment_(automated). The system is designed for near-continuous
automated operation with minimal human intervention, -enabling frequent and consistent surveys in complex and remote

environments.

10
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Figure 4 Workflow for multitemporal UAV monitoring and displacement and change detection analysis in alpine terrain, consisting of a)
flight planning, b) flight management by the UAV dock, c¢) image processing and 3D reconstruction, d) spatiotemporal change and
displacement detection, and e) accuracy assessment.
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3.2 Data capturing using an automated UAYV system

The automated UAV system consists of an UAV dock, n-thisstuads~the DJI Dock 2 & 3 in this study.} and its compatible
multirotor UAVs Matrice 3D and 4D. The dock provides weatherproof housing, inductive battery charging, thermal regulation
(cooling/heating), data transmission, and enables remote mission execution. The inbuilt weather station allows for wind speed
and precipitation monitoring and prohibits the UAV to take off in case of bad weather. For terrain adaptive flight planning and
the UAV and dock management, we used the cloud-based software DJI FlightHub 2. FH2)-The UAVs are equipped with a
20 Megapixel RGB sensor with a mechanical shutter. Detailed technical specifications of the camera sensor are presented in

Table 1. For the geo-localisation, we use the inbuild real-time kinematic positioning (-RTK)-GNSS and correction data from

base stations nearby, streamed via NTRIP. For the tests in Norway, the system was not permanently installed; instead, we

deployed the UAV dock temporarily at each site, with a pilot and observer present to ensure compliance with aviation safety

regulations. The dock has a baseline standby power consumption of approximately 50-100 W, increasing to levels around

800—-1000 W during charging, with short peaks of up to ~1200 W with internal heating or cooling on. PowerPewer was supplied

by #we-several 600 Wh portable power stations and communication with the dock was established using a local network,
provided by a 4G router and connection via ethernet cable. Flight missions were scheduled at hourly, daily, and weekly

intervals to capture high-resolution aerial imagery. At Supphellebreen, we scheduled the daily flights mainly in the evenings

in civil twilight about 10 minutes after sunset. Terrain-following flight paths were generated using a high-resolution digital

elevation model (DEM) derived from the initial survey at each site. In the flight planning phase, the area of interest and the
target ground sample distance (GSD) was manually selected. —Redundant image coverage with at least 85% forward and lateral
overlap was implemented to ensure robust 3D reconstruction under varying illumination and surface conditions. Table 2 shows

an overview of the UAV operations at the different test sites. In Norway, flights were conducted at mean altitudes of 70-75 m

above ground, leading to a mean GSD of 1.95 cm per pixel. In Blatten, two UAV docks (DJI Dock 3) were installed in elese

te-the evacuation zone.; The deployment of two dock systems further allowed for a reduction in airspace occupation time while

simultaneously introducing hardware redundancy. and-Power was supplied by the grid and communication was established

using a 4G router and a Starlink access point. Each flight at 150 m altitude captured imagery with 4.37 cm per pixel resolution,

georeferenced using RTK and virtual ground control points.— Flights were conducted up to 3:000 m asl under remote

supervision, sometimes requiring dynamic mission adjustment. This included real-time adaptation of flight paths and image

acquisition density to rapidly changing weather and airspace constraints.

12



Table 1 Technical specifications of the UAV docks, the UAVs and the HAV-camera sensors_(DJI. 2024; DJI 2025)

ke
Dock and UAV mModel DJI Dock 2 + M3D DJI Dock 3 + M4D
Camera sensor size, resolution 4/3 CMOS, 20 MP 4/3 CMOS, 20 MP
Focal length 12.29 mm 12.29 mm
Pixel size 3.36x3.36 um 3.36x3.36 um
Precalibrated Yes Yes
Min. shooting interval 05s 0.7s

Operating temperature range

-25°C to 45°C

-30°C to 50°C

RTK base station positioning accuracy

Horizontal: 1 cm + 1 ppm (RMS),

Horizontal: 1 cm + 1 ppm (RMS),

Vertical: 2 cm + 1 ppm (RMS)

Vertical: 2 cm + 1 ppm (RMS)

Hovering accuracy

+0.1m RTK

+0.1m RTK

Charging time (20-90%, 15-90%) 32 min 27 min
Max. flight time 50 min 54 min
Max. data rate 5 MB/s 5 MB/s
Max. operating range 10 km 10 km
Input power Max. 1000 W Max. 800 W
Dock input protection level IP55 IP56
Table 2 Overview of UAYV operations at study sites
Sites Supphellebreen Skjeld Blatten
Dates Sep-Nov 2024 Aug 24 - June 2025 May-November 2025
No. 06f fElights 17 7 55
Equipment DIJI Dock 2, Matrice M3D | DJI Dock 2, Matrice M3D | DJI Dock 2 & 3, Matrice
M3D & M4D

13
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300

305

Area of ilnterest (AOI) | 0.5 km? 1.02 km? 4.5 km?

Distance dBock to 450 m 420 m 800 m

AOI

Time to map the-area 27 min 59 min (2 flights) 150 min (2 flights)
ofinterest AOIthe AOI

Flight ilntervals 1h — 2 weeks Daily — monthly Daily — weekly
Mean no. 09f images 1623 3112 2200

per fPlight

Mean gsdGSD 1.89 cm pixel’! 2.02 cm pixel’! 4.37 cm pixel’!
Mean aAltitude 70 m 75 m 150 m

Estimated sSurface > 1 .m day’! <1 m year! <0.1 m day! (deposits)
v¥elocities

3.3 Data processing workflow

3.3.1 From multi-view imagery to 3D: Gaussian Splatting and Structure from Motion processing

After mission completion, the acquired aerial imagery was automatically transferred to the internal data storage of the dock
and then uploaded to FlightHub 2 £H2-and stored for further analysis following our processing pipeline.- For the dense 3D
reconstruction, we implemented two distinct processing pathways (Fig. 45¢): (1) a rapid 3D reconstruction approach based on

Gaussian Splatting (Kerbl et al., 2023), which is a neural rendering method that represents scenes as collections of 3D Gaussian

primitives and enables fast, high-fidelity visualization suitable for time-sensitive situational awareness for decision-makers,

media, and the public, and whi

publie;and-(2) a photogrammetric Structure-from-Motion (SfM) pipeline aimed at producing high resolution point clouds,
orthophotos, and digital surface models (DSMs). For the SfM 3D reconstructions we mainly used DJI Terra (cloud processing
implemented in FlightHkub 2) and for some datasaets openDédroneMsrap_(ODM) (OpenDroneMap Authors ODM, 20259).

DJI Terra was used due to its cloud integration within the flicht management software FlichtHub 2 and streamlined data

management. We utilized ODM as a complementary open-source solution that provides higher processing flexibility and

adjustability for monitoring dynamic processes in complex alpine terrain (Groos et al., 2019; Toffanin, 2023).

3.3.2 Change detection and displacement analysis

The photogrammetric products obtained from the SfM processing were further analysed to detect changes such as rockfalls or

ice calving, 3D and 2D displacements. The data acquisition epochs s¥were processed as successive pairs (e.g. A—B, B-C,) to

minimize decorrelation, which is especially important for fast—mewinerapid mass movements such as the icefall at

Supphellebreen. For the slow-moving unstable rock slope Skjold, we processed the datasets against the base line dataset (1st

survey) (e.g. A-B, A—C.) to increase the sensitivity for displacement detection. For three-dimensional displacement analysis,

we applied the Multiscale Model-to-Model Cloud Comparison M3C2 algorithm (Lague et al., 2013) to the point clouds,
14
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enabling quantification of surface changes along the normal direction of the reference surface. For the multitemporal analysis,
we used the py4dgeo library for change analysis in 4D (3D + time) point clouds (py4dgeo Development Core Team, 2022).
For the calculation of two-dimensional horizontal displacements, we used multidirectional hillshades (generated from the
DEMs) and applied the Dense Optical Flow algorithm Dense Inverse Search (DIS) (Kroeger et al., 2016). Previous studies
have shown that DIS overcomes the limitations of classical area-based algorithms, such as Phase Correlation (PC), which
frequently suffer from decorrelation noise and restricted velocity ranges when analysing fast-moving glaciers and complex
landslides_(Hermle et al., 2022). DIS, an intensity-based approach (Kroeger et al., 2016) proved to be a more sensitive, less
rigid, more flexible, and less constrained than traditional methods. DIS performed robustly under unfavourable illumination
conditions and was capable of reliably tracking displacements in challenging steep high-alpine sites. Nevertheless, in areas
where extremely rapid surface motion occurs, DIS tends to underestimate displacements, and the results obtained from such

areas should therefore be interpreted with caution (Hermle et al., 2022).

3.3.3 Accuracy assessment

In order to support confidence in the obtained results, we hereby include an assessment of data accuracy and quality, although

this is not the primary aim of this study. -

adies—To assess the data quality and accuracy of the

displacement measurements, we eHewinefolloweded common practice in UAV-based monitoring studies (e.g., Chudley et al.,

2019) —W-—we-by manually defined-defining stable, non-moving reference areas (“stable areas™) ferat each study site: (1) at
Dy | y defining

Supphellebreen, we usinged stable bedrock below the glacier front; (2) at Skjeld, we usinged stable rock surfaces outside the
instability; and (3) at Blatten, we usinged buildings located outside the deposition zenearca-within-the-proximity-oftheglacier

fronts.; followingcommeonpra et HAV -based-meniteringstudies{e-g-Chudleyetal5-2049-Due to inaccessibility of the

areas of interest and, especially for Supphellebreen, the risk of icefall and avalanches, ground control points could not be

installed. We quantified the uncertainty of both 2D surface displacements (DIS optical flow) and 3D changes (M3C2) by
measuring residuals in these areas. The variability of these residuals provides an empirical estimate of the detection limit at
95% confidence, expressed as LoDes = 1.96 - 6, where o is the standard deviation of the residuals. As in previous studies (Fey
& Wichmann, 2017; Kromer et al., 2017; Lague et al., 2013) we interpreted this 95% confidence interval or Level of Detection

at 95% (LoDeys) as an estimate of the minimum detectable change.

4 Results

In the following section, we highlight representative results for each specific study site. The findings reveal that automated

UAV systems can effectively monitor surface changes and velocity patterns with a high temporal and spatial resolution.
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4.1 Monitoring of the icefall at Supphellebreen
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Figure 5 Changes detected at the upper part of Supphellebreen. a) Horizontal displacement (DIS) for a one-day interval, b) for
a ten-days interval. ¢) 3D changes (M3C2) during the same time interval (white spots are gaps in the point cloud). d)
Longitudinal profile A-A’, showing glaciers surface and the flow direction between 5 and 23 September 2024. The red line
shows the horizontal velocity along that profile. Point C marks a section that showed increased acceleration prior collapse. The
deposits are marked with a D below in b). €) 3D models derived by Gaussian Splatting showing the glaciers surface change
between 5 September and 3 November.

The dataset collected at Supphellebreen, at timeintervals between 1h and 2 weeks, offers unique insights on glacier dynamics,

especially short-term processes, including acceleration phases of the glacier and single seracs (standing blocks of ice in the
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icefall), crevassing, and several dry calving events (Fig. 5). The glacier surface velocities at the icefall of Supphellebreen
between September and November ranged from 0.4 to 1.5 m day ™!, with higher rates observed in steeper sections of the icefall
(Fig. 5a-d). be—theeoporiarae s Hhhe Bishan ot H ral-ofa cempeetb s
toe-high-displacementratesled-to-decerrelationinthe-data—We could determine volumes and detect pre-failure acceleration

of single seracs (Fig. 5a,_d; marked with a C), exceeding 5 times the normal ice velocities. In the subsequent surveys, we

identified run-out and ice deposition (marked with a D). Flow direction was mainly towards the southeast following the terrain,
and there was minimal displacement towards the terminal moraine. Surface elevation changes in those almost stagnant ice
zones indicated ablation rates of up to -0.06 m day'. Gaussian Splatting was used to create photorealistic 3D representations

of the glacier surface from the different mapping campaigns (Fig. 5e). Compared to manual multitemporal UAV

surveyessurveys, the deekbaseddock-based approach allows for automated data collection with short flight intervals and

enables the detection of sherttermshort-term processes in the icefall.
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350 4.2 Monitoring of a complex unstable rock slope at Skjeld

We demonstrated the system’s ability to monitor and analyse the kinematics of the unstable rock slope at Skjeld (Fig. 6).

Annual horizontal displacements at the site typically remain below 1 m and generally range between 0.2 and 0.4 m. The
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Figure 6 Monitoring results at the complex unstable rock slope Skjeld. a) 2D displacement field (DIS). b) Inset shows the contact
between the “tower” and the area with higher displacement rates (purple shows changes, such as rockfall detachment and
deposition). ¢) Profile showing the displacement vectors and the surface 2013, 2024, 2025. d) 3D model (Gaussian Splatting)
showing the main section of the rock slope._e) DIS and f) Photograph showing the detachment (white arrows) of several rockfalls
from the “tower” between August and November 2024.
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multitemporal photogrammetric data collected in this study allow us to delineate the extent of the instability (Fig. 6a, b) and
to assess the kinematic behaviour of individual structural features such as the isolated rock towers and the scree slope
underneath (Fig. 6b,c). Most of the scree slope shows displacement rates of approximately 0.25 m yr!, while no measurable
movement was detected in the rock towers. If the towers should move downslope, their displacement remains below the

detection threshold of 0.07 m ef-for our displacement analysis. Short-term GB-InSAR campaigns by the Norwegian Water

Resources and Energy Directorate NVE-confirm that most displacement is concentrated directly below the towers, which is

consistent with the UAV-derived delineation of the instabilities (Fig. 6b,c). Using the point clouds and DEMs we could
reconstruct the 3D displacement vector which dips approx. 70° towards the north. Consequently, the horizontal component
represents only a small fraction of the total displacement. Between August and November 2024 several smaller rockfalls could
be detected from the tower (Fig. 6d-f). C€ompared to manual multitemporal UAV surveyessurveys, the dock-based approach
can-deck-based-approachcan keep pretererminedpredetermined flight intervals of about 2 weeks, while in ease-ofperiods of
displacement siens-ofan-accelearitonacceleration -or increased rock-fall aetivitesactivitiesy this can befast adjusted rapidly to

shorter flight intervals.
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4.3 Post-disaster UAV mapping and rapid response at Blatten

The automated monitoring campaign following the rock-ice avalanche event at Blatten highlights the possibilities offered by

P70 automated UAV systems in post-disaster response, especially in areas that remain potentially hazardous and where human
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Figure 7 a) Orthophoto of the monitored area after the rock-ice avalanche event at Blatten. b) DoD elevation difference between 27 August and
13 October 2025. c-d) Changes along the river channel between 27 August and 13 October 2025. e) Horizontal displacement (DIS) of the deposits
on the adjacent slope. f-g) Profiles through the deposits. The black lines correspond to the terrain before the event (Swiss Alti 2024), while the
blue lines are selected UAV surveys after the event between July and October.
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access is therefore restricted—restrieted—areas.- Two DIJI Dock 3 units conducted twice-daily automated flights in close
coordination with police and emergency authorities and air traffic in the area. under SORA-specific-operationsriskassessment

regulations—The docks were installed close to the evacuation zone and could only be visited once during the monitoring period

due to safety restrictions and ongoing hazard activity. This situation emphasises the critical importance of robust remote control
and automated functionality for monitoring in hazardous, high-risk environments.

Figure 7 illustrates the monitored deposition area of the landshde-rock-ice avalanche (Fig. 7a) and representative analysis

results, e.g., elevation differences between the two UAV campaigns from 27 August and 13 October 2025 (Fig. 7b), revealing
zones of erosion (red), deposition (blue), and lake development, as well as subsequent lake outflow pathways (Fig. 7c,d). Due
to the melting of ice-rich debris, subsidence and downslope displacement affect the deposits (Fig. 7e,f). The highest
displacement rates were recorded in the run-up deposits on the SE-facing slope reaching 0.05 m day ! between July and August,
gradually decreasing over time. The cross-sections (Fig. 7g) compare pre-event topography (SwissALTI 2024) with three
UAV-derived post-event mapping, and also depict recovery efforts, such as newly constructed access roads. ManualDue- to

high risk and the closure of the evacuation zonete-highrisk, c€onventional UAV surveys would not have been possiblewithin

, while the deek-baseddock-based approach secured regular mapping, directly generating aeeess-to-situational insights, without

exposing persenelpersonnel toat risk. -AtDuring the initial stage of the damage assessment, geologieal-experts-sts primarily

relied on the UAV-derived survey results to support continuous site evaluation. InAt later phasesstages, the datasets were

increasingly utilized by engineering and construction teams responsible for on-site operations. A range of stabiliszation and

reconstruction activities, including slope stabiliszation, hydraulic engineering, road construction, and remediation works; were

carried out based on the UAV system -derived elevation models, distance measurements, and volume calculations.

Photogrammetric processing achieved spatial accuracies of approximately =5 cm over an area of 4.5 km?. Individual flights

generated data volumes of approximately 10 GB, requiring careful optimiszation of flight parameters and image acquisition

strategies.

4.4 Accuracy assessment

accuracy assessment was conducted enly—forSupphellebreen—using stable reference areas defined for each siteleeated—on

bedroekbelow-theglacierfront{Fig—8a). The results of the reprojection error, camera location error and LoDos for the UAV

surveys are summarized for each study site in Table 3. The LoD values are mainly below 0.10 m across the study sites. Mean

LoD values are 0.07 m for both Supphellebreen and Skjeld, and 0.08 m for Blatten. The minimum LoD values range between

0.03 m and 0.04 m, while maximum values reach up to 0.12 m, reflecting variability in survey geometry, surface texture, and

georeferencing quality. —For Supphellebreen, a detailed comparison was conducted between LoD values derived from 2D and
3D displacement analyses (Fig. 8a). Fhe-The anabysisof22D displacement measurements derived from optical flow (DIS),
yield a mean level of detection (LoDysEeB95) of 0.092 m with min/max values ranging between 0.0656 and 0.174+ m (Fig.

8b). -In contrast, the 3D displacement analysis based on point clouds and the M3C2 algorithm shows consistently lower LoDys
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values, with a mean of 0.07 m and a narrower range between 0.04 and 0.09 m depending on the acquisition date.Ferthe 3D

ate- Temporal variability in LoDos reflects differences in
georeferencing quality between surveys (Fig. 8c,d). These—results—indicate—thatThe-dDisplacement measurementss signals
exceeding the calculated LoDos thresholds can be interpreted with high confidence as true surface ehange-displacement rather

than noise. Importantly, LoDys values should be determined for each survey pair and serve as a critical quality metric,

establishing the threshold above which measured displacements can be regarded as reliable. For the displacement analysis, a

consistent reference direction was defined. For the 2D optical flow, calculated on hillshades-efthe-d DEMs in map coordinates,

positive values indicate downslope motion, and negative values indicate upslope motion (e.g., retrogressive erosion). In the

3D M3C2 analysis, distances are measured along the surface normal, with positive values representing outward movement

(e.g., accumulation or downslope movement) and negative values indicating inward movement (e.g., erosion). This ensures a

consistent and physically correct interpretation of the displacement measurements.

Table 3 Photogrammetric accuracy metrics and LoDos across the different study sites.Meanreprejection-and-georeferencing-error
foesenolodsite

Study Reprojection Georeferencing | GSD | Average | Aerotriangulation | LoDos | LoDos | LoDos
sSite error RMSE RMSE [m] [em | fligtht coverage area Mean | Min Max
[px] px'] | altitude | [km?] [m] | [m] |[m]
[m]
Supphellebreen 1.02 0.03 3.83 81 0.52 0.07 0.04 0.09
Skjeld 1.03 0.08 4.19 100 1.31 0.07 | 0.03 | 0.12
Blatten - 0.03 4.37 150 4.5 0.08 | 0.04 | 0.12

22



420

T T T
o ™ All Signed Errors ! ! !
8 ---- Mean of LoDs: 0.092 m 1 1 1
1 8| - Minof LoDs: 0.049 m | | i
---- Max of LoDs: 0.160 m | | !
------- Mean of All Errors: 0.119 m | | I
o 1 1 1
S 1 1
o I I
o 1 1
- 1 1
5 k
y 1
S 1.8 :
3 5 |
o
Y
o
S
S
53]
o
S
=]
<
200m
a L Se— 0 b e .
383000 383250 383500 -0.2 -0.1 0.00 0.10
S -== min LoD95 0.041 m Displacement 8- Mean
8 === mean LoD95 0.074 m +1 std
© -=-- max LoD95 0.091 m e
o
8 3
g £ S
= ©
- v}
S 5§ o
3 % S
o a o
=)
S
S
S n
N =
S
o
sd
-0.4 . -0.2 -0.1 0.0 0.1 0.2 0.3 04 0 1 2 3 4 5 6 7 8

"Distance [m] ' Pair Index

Figure 8 Accuracy assessment for the Supphellebreen site. a) Defined stable areas (bedrock) below the glacier front. b)
Derived displacement in stable areas (DIS). ¢) M3C2 and the corresponding LoD values, and d) mean displacements and
changes of the LoD over time for the different surveys.

Figure 9 shows a comparison of manually measured displacement vectors from the hillshade time series and DIS optical flow
derived vectors. The agreement between the two datasets is strong (R2=0.798), indicating that the optical flow approach
captures the main displacement signal reliably. The manual vectors were independently measured by two authors to reduce

individual observer bias; however, a degree of subjectivity remains unavoidable. Manual vector estimation is inherently
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challenging, particularly in areas with low contrast or complex surface patterns, and small discrepancies in vector magnitude

and orientation are therefore expected.
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Figure 9 Comparison between manuel derived displacement vectors and the DIS optical flow results (on hillshades)

5 Discussion

AAutomated dock-based UAV systems ean-offer-adevelop-inte-amay represent a paradigm shift in—ferin the monitoring of
dynamic and remote geohazard environments; from UAVs as tools in primarily campaign-based:—fromthetseof surveys

HAVsasteolsforprimarily-campaign-based-surveys-toward the theintesratintegration of ienautomated, -ofautomated-near-

continuous monitoring systems. This is likely a first step to eventually unsupervised, fully autonomous operations Fhis-is

allowing for a significant reduction in

time resources, speetfieallyspecifically #if the system includesinelades automated data upload and processing. This study
demonstrates; for the first time that UAV docks can support fully automated fals—autemated;-high-frequency observations of

unstable slopes, glacier hazards and a post-disaster landscape. By transitioning from manual campaign-based surveys to a

continuous near-real-time monitoring approach, rapid surface changes that would otherwise go undetected can be captured.

UAV docks placed at high-risk sites can enable more frequent repeated—missions; and needed-improvedfer situational
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awareness in critical phases of hazard evolution, without exposing persenrnel-UAV pilots and the hazard assessment team tote

risk. Systematic and automated processing of the resulting image series yields centimetre-level displacement fields that resolve
subtle deformation and changes in displacement rates. The ability to Deteeting-detect acceleration in displacement is crucial
for timely decision making in settings where slope failures threaten communities or infrastructure, and rapid actions may be

required.

5.1 Analytical capabilities and temporal resolution

Recent advances in computer vision, image-based processing, and point-cloud algorithms have considerably expanded UAV
monitoring capabilities. Modern change detection methods such as image correlation, optical flow, and feature-based tracking
achieve sub-pixel precision (Hermle et al., 2022; Xiao et al., 2023). Deep learning-based image matching has further improved
robustness and accuracy, outperforming conventional cross-correlation or feature-tracking approaches in glacier surface
velocity estimation (Zandler et al., 2025). For three-dimensional datasets, the Multiscale Model-to-Model Cloud Comparison
(M3C2) algorithm (Lague et al., 2013) remains the benchmark for point-cloud change detection. Today, a steadily growing
diverse suite of algorithms with variable sensitivity, computational demand, and spatial resolution enables tailored analyses.

Accuracy represents a core issue of reliable monitoring solutions. Current RTK positioning allows centimetre-scale
georeferencing, which is generally sufficient for detailed geomorphic mapping and hazard-monitoring applications. For slowly

deforming slopes (<5 cm yr'), however, detection of smaller displacements remains challenging.; Naevertheless, repeated

imaging provides valuable insights into near-surface processes such as rockfall activity and when equipped with infrared

sensors also waterflows, air flows and temperature fields. H

deteet—At Skjold, slope deformation over time intervals shorter than two weeks could not be quantified with confidence due

to displacement rates remaining below the detection threshold (LoDos 0.04—0.09 m). However, the high temporal resolution

enabled the identification of detachment zones associated with individual smaller rockfall events. Importantly, any future

acceleration exceeding the LoDss would be detectable, highlighting the system’s capability for identification of increasing

slope displacement.A

Maintaining consistent flight geometry (e.g., area to cover and flight trajectories), integrating p-PPkost-processing kinematics

or GEP-ground control point corrections, and applying co-registration techniques such as for example ICP (Besl & McKay,
1992) or xDEM (xDEM contributors, 2023) can contribute to reducing systematic errors and lower the LoDos—te—-below
0:5xGSB. In our study, network RTK via CORS with 20-30 km baselines yield acceptable accuracy (<5-10 cm), though

shorter baselines or local base stations could further improve results. While we intentionally varied flight plans to test different
configurations, future deployments should emphasisze consistent trajectories and incorporate co-registration algorithms. In

optimal conditions, LoDos values can improve from 1xXGSD to approximately 0.3—0.5xGSD (James et al., 2017; Santise et al.,
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2014). When lower thresholds are needed, reducing the flight altitude, or establishing local correction networks can further
enhance precision (McMahon et al., 2021).

The dynamic nature of geohazards, such as landslides and glacier collapses that can further develop into multi-hazard cascades,
highlights the need for rapidly deployable and adaptive monitoring technologies. The flexibility of automated UAV systems
allows adaptive scheduling from weekly missions for slow-moving or creeping slopes to sub-daily operations during critical
phases. Following catastrophic events, UAV docks can provide near-real time situational awareness, supporting rapid
topographic mapping for search, rescue and damage assessment, as documented in the case of Blatten.

The flight intervals required to reliably capture surface changes strongly depend strenelyon the expected displacement rates

and process dynamics. Based on the observed conditions at our study sites, we propose the following optimal intervals: (1)

Supphellebreen icefall: 1-5 days; (2) unstable rock slope at Skjeld: ~2 weeks; and (3) Blatten: 1-2 days. For the unstable rock

slope in-Vangat-Skjeld, intervals of approximately two weeks are sufficient during periods of nermalactivitylow displacement

rates; but should be shortened in phases of acceleration. In rapidly evolving environments, high temporal resolution is critical.

At Supphellebreen, especially in the steepest areas with the highest ice velocities, flight intervals exceeding 7—10 days resulted

in feature mismatches and reduced tracking accuracy. In contrast, more frequent UAV acquisitions successfully captured

accelerated ice flow and serac collapses, highlighting the importance of dense temporal sampling for reliable hazard

assessment. In addition to temporal resolution, high-resolution terrain data enable precise quantification of displacements and

volume changes. These datasets are essential for runout modelling, identifying controlling factors, post-event analysis, and

supporting mitigation planning.

High-resolution, high-frequency UAV data bridge the observational gap between coarse-resolution satellite imagery (e.g.,

Sentinel, Landsat, Planet) and sporadic UAV campaigns. The resulting 4D datasets offer a robust foundation for training deep
learning models (e.g., Ma & Mei, 2021; Hosseini et al., 2026) to improve e-e—displacement detection and prediction (e.g.,
Schild et al., 2026), witimately—teadingultimately leading to a better understanding of slope and glacier dynamics. learning

NMa £ Mo 0 nd 1mprovin
Vi e y 3 VHRS

acier-dynamies—Unlike one-dimensional line

of sight measurements, UAV photogrammetry enables the derivation of full 3D displacement vectors. UAVs can also integrate

multispectral, thermal, or lightweight meteorological sensors (e.g., Haualand et al., 2025); previding—for the collection of

valuable-additional environmental parameters. -direethyat-the-site-Recent advances in computational efficiency and automated
pipelines have made near-real-time analysis feasible, enabling responsive and data-driven hazard monitoring (Kothari &

Momayez, 2018).
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A challenge in UAV-based monitoring relying on optical imagery is the influence of weather and illumination conditions.
Weather conditions such as fog, heavy winds or intense precipitation may hinder take-offs and restrict flight frequencies, and
varying illumination conditions can adversely affect image alignment, surface reconstruction, and subsequent change
detection. Variations in sunlight intensity, shadow extent, and surface reflectance often lead to radiometric inconsistencies
between image sets, particularly in complex alpine terrain. At Supphellebreen, most automated UAV flights were conducted
during civil twilight (approximately ten minutes after sunset), providing diffuse, uniform illumination and minimal shadowing,
conditions that improve reconstruction and displacement analysis consistency. However, such survey scheduling is not always
feasible due to operational or weather-related constraints. Advancements in illumination normalization, shadow-compensation
algorithms, and the use of radiometrically invariant image features will therefore be crucial to improve the reliability and
comparability of optical UAV-based monitoring across variable environmental conditions (e.g., Shen et al., 2025). Especially
at the sites in Norway, we noted that precipitation and low-level clouds #feg-can often hinder remote sensing such as satellite
image acquisition or fixed terrestrial camera observations. Automated UAVs can either fly above the cloud barrier, or low
enough, providing crucial observations when other sensors fail. Nevertheless, we suggest using complementary and redundant
instrumentation in critical situations at high-risk sites (e.g., Choi et al., 2024; Maschler et al., 2025).

During our deployments, automated missions operated successfully under light rain and snowfall, though image quality was
occasionally degraded by lens droplets. Modern weather resistant docks and waterproof UAVs equipped with environmental
control and real-time weather monitoring mitigate many of these issues, yet rapidly changing conditions near glaciers or steep
slopes can still necessitate mission aborts for safety. The combination of high-altitude overview missions at around 100—s=
and-up-to-max—120 -m above ground combined with low-altitude detailed surveys at 20—50 m above ground enablecnables

scalable and flexible monitoring.

5.2 Advantages, lEimitations, and rRemaining cChallenges

5.2.1 Manual—repeatedConventional campaign-based UAV surveys versus automated Adwvantages—oef—dock-based

misstonssystems VS manual repeated SUEVeys

ManuallyrepeatedConventional campaign-based UAV surveys offer the possibility for episodic data-colectiondata collection
atstady-sites. but —Currentresulationstypicallyrequire at least one remetepilot t-and-an-observerto be present on site-forin
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situ-data-acquisition. As a result, obtainingthe-data-efinterestthis necessitates travel to or operation in-closeproximity-tonear

potentially hazardous and active sites. Depending on the remoteness of these locations, this can lead to considerable logistical

complexity and financial costs. At the same time, when risks are increasing, the need to capture precursors and understand

ongoing processes becomes particularly important for hazard assessment. Conducting repeated manual UAV surveys under

such conditions may expose scientists to increased risk during data collection. Furthermore, timely data upload can become a

major limitation in critical situations, especially if access to reliable internet infrastructure is constraineds—whieh. These

circumstances can delay rapid assessments when they are needed most. In cases where access to the site is entirely restricted,

data collection through manual surveys becomes impossible.

Compared to saeh-conventional campaten-basedcampaign-based -UAV surveys, which-depend-on-on-site presence—dock-

based systems represent a step change from episodic data acguisition-toward near-continuous data acquisition, also allowing

for event-triggered and remeotelynoton-siteremotely operated monitoring. One primary advantage lies in the ability to perform

surveys at predefined intervals or immediately following hazardous events. This “on--demand? capability sienifieantlycan

enhance boths temporal resolution and enables-timely data acquisition, which is particularly critical in rapidly evolving

environments, such as afterfor the rock-ice avalanche deposits glaciereolapsein Blatten. From a risk management perspective,

the decoupling of data acquisition from direct human presence on site represents a major improvement in operational safety.

Hazard-prone or inaccessible areas can be monitored with high-resolution imagery without exposing personnel to objective

dangers. This is especially relevant for high-frequency monitoring scenarios, where repeated field access would otherwise be

required. Furthermore, the increased temporal resolution of UAV dock collected 4D datasets enables the detection of subtle

deformation signals, that are often missed by sparse temporal sampling or lower resolution satellite observations. The

combination of photogrammetric surface models and time series analysis allows for the identification of precursory

movements, thereby strengthening the analytical basis for early warning and improved process understanding. In addition,

operational costs related to travel, field logistics, and personnel time are reduced once the system is deployed, while automated

charging and data handling eliminate the need for manual battery replacement and data retrieval

in the field.

At the same time, for certain monitoring objectives, such as short-term campaigns, exploratory surveys, or sites with limited

infrastructure, manual repeated UAV surveys may remain more practical and flexible. Dock-based systems are associated with

substantially higher initial investment costs, typically on the order of 15.000-40.000 €, about 4-5 times higher than a

comparable standalone UAV platform, due to the dock and additional infrastructure required for power supply,

communication, and system integration.

5.2.2 Practical and iInfrastructure requirementsChallenses
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dock-based UAV systems compared to manual UAV surveys -is the requirement for a stable and continuous power supply.

Docking stations rely on energy not only for UAV charging but also for environmental control systems, such as heating and

cooling, to ensure reliable operation under extreme temperature conditions. Establishing such infrastructure in high-mountain

terrain remains-challensingand-often necessitates hybrid energy solutions, such as fuel cells or solar power systems.

Another aspect is the management of large data volumes generated by repeated-near-continwousnear continuous and high-

resolution surveys. Efficient data transfer from remote sites to centraliszed processing environments requires robust

communication infrastructure, which is often limited or absent in mountainous regions. TFhis challenge can be mitigated by

deploying satellite-based internet solutions (e.g., Starlink) or long-range directional radio links (Richtfunk). Thus, supporting
—can-be-mitisated-by-deploying satellite derived-internet-aceessthe timeliness of data processing and consequently ensuring

the responsiveness of the monitoring system.

may OcCcCur. 4

servieing—Although modern UAVs are increasingly weather-resistant and can operate under moderate wind conditions (e.g.,

up to ~15 m/s), extreme weather, precipitation, and fog can still interrupt flight operations or degrade data quality, leading to

gaps in time series.

Future research should therefore focus on improving power management, optimiszing data acquisition and transmission

strategies, and inereasinginvestigating the long-term system robustness under extreme environmental conditions. In this study,
winter deployment was not tested;-representine-animportanthimitation. Cold-season operation, however, could be particularly

relevant for applications such as snow and avalanche monitoring and should be addressed in future work.

5.2.3 Regulatory fErameworks and o©Operational c€onstraints

Beyond technical considerations, regulatory frameworks currently represent one of the barriers to the widespread adoption of

automated dock-based UAV systems.Speeifie OperationRisk-Assessment-O

may-canremote-pHotsupervisineoperationss-Automated flights beyond visual line of sight (BVLOS) often require special

permissions, airspace coordination, and risk mitigation measures (e.g., parachutes & geofencing). The tests in Norway for this

study were conducted within visual line of sight and below 120 m above ground level, allowing operation within the standard

regulatory framework. In contrast, the deployment in Blatten required a different regulatory approach due to the operational
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context. There, flights were conducted in close coordination with regional emergency management structures, including the

cantonal police, and under a Specific Operation Risk Assessment (SORA), as implemented in European aviation regulations.

As the operations were carried out on behalf of the regional crisis management authority and under the mandate of the cantonal

police of Valais, they fell under the Swiss state aviation regulation framework. This emergency context facilitated more flexible

flight permissions and demonstrated how regulatory barriers can be reduced in crisis situations. However, for routine or long-

term operational monitoring, significantly more extensive administrative procedures are typically required, including formal

approvals, detailed risk assessments, and longer coordination processes with aviation authorities. Moreover, SORA-based

authorisations are highly context-dependent, as they are tailored to specific locations, operators, risk environments, and

operational objectives. This limits their direct transferability to other sites and constrains the scalability of such approaches for

standardised monitoring applications.

5.32 Perspectives on scalable deployment and early warning systems

Effective hazard communication and vulnerability reduction depend on providing clear and understandable information to
populations at risk (World Meteorological Organization, 2022). Our results show that automated UAV systems for geohazard
monitoring can supply authorities with actionable technical data before, during, and after disasters, while also generating
accessible visual insights (e.g. 3D models & the-Gaussian Splatting outputs) that can strengthen situational awareness. A single
strategically positioned UAV dock can_in some cases be used to monitor multiple hazards such as rockfalls, icefalls, and glacier
lakes while simultaneously serving as a simple meteorological station, thus collecting information that serves civil protection.
Although the initial investment in automated UAYV systems is relatively high, especially when advanced equipment, such as
LiDAR and thermal sensors, isare included, compared to the logistics and personnel costs of traditional surveys the recurring

costs per inspection or monitoring interval decrease sharply—after-depleymentover time. Regulatory frameworks currently

represent a challenge to operational scaling, as requirements for automated UAV operations can vary significantly between

countries, regions, monitoring sites, and use contexts, thereby limiting standardisation.R

Furthermore, setting priorities for

geohazard monitoring and technology deployment remains challenging for vulnerable regions with a high density of potentially

hazardous sites and limited financial resources (Ghosh, 2025; Huggel et al., 2020). Additionally, in regions where mountains
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hold cultural or spiritual significance, social acceptance becomes a decisive factor in the implementation of UAV monitoring
technology; and its long-term sustainability (Fraser, 2017). Participatory approaches, involving close dialogue and
collaboration between scientists, authorities and the local community, could enable the co-development of robust and adaptive
monitoring frameworks that integrate local knowledge systems (e.g., Fan et al., 2025; Hermans et al., 2022).

Broader adoption depends on development of appropriate legal frameworks, equitable access to technological infrastructure,
the availability of skilled personnel and social acceptance (du Plessis & Amoah, 2025; Islam et al., 2025). We recommend that
future research focuses on integrating near-continuous UAV data into existing early warning systems. Moreover, we would
like to emphasise that technological innovations in risk monitoring and visualisation need to be complemented by participatory
educational initiatives and strategic capacity building programs to effectively increase risk awareness among citizens and

support community resilience.

5.3 Rapid response UAYV dock operations: Lessons from Blatten

The 28 May 2025 Blatten landslide in Switzerland highlights both the potential and complexity of using automated UAV dock
systems for rapid crisis response.—EoHowing-the-catastrophic—failure-event—the-dock systemfacilitated remote-aceess—and
- While the UAV system demonstrated high
reliability, operational success depended on expert oversight and pre-established coordination protocols. Operating across
elevations from 1500 to 3000 m in changing alpine meteorology required precise remote supervision and dynamic mission
adjustment. Airspace management was a major constraint for entirely automated operation, as BVLOS operations in zones
with dense helicopter activity after the event demanded real-time air traffic monitoring using tools. In Blatten, Skylens was
used, a proprietary airspace monitoring system developed by RemoteVision in collaboration with FLARM (flarm.com). It
integrates position messages from multiple aviation separation and traffic awareness technologies (e.g., FLARM, ADS-B and
related systems), which are fused and visualised in real time on a unified map interface. This interface provides a
comprehensive overview of surrounding air traffic and was actively used by the dock operator to monitor helicopter and aircraft
traffic in the vicinity of the monitoring area, thereby supporting safe BVLOS operations in the dynamically changing post-

event airspace. The deployment of two dock systems further enhanced operational robustness by reducing airspace occupation

time and achieving system redundancy. This redundancy ensuress operational continuity in the event of a UAV loss or

malfunction, although no such failures have occurred. Achievingphotogrammetric-acetracies-of+5-emover4-Slami required

areful-optimization-o cht parameters-and-imaee-density-to-balance precision-and-datavolume (10 GB per flieht)-These

findings underscore that successful rapid-response mapping depends not only on robust technology but also on proactive
system preparation, inter-agency coordination, and skilled human oversight capable of operating within complex

environmental and regulatory frameworks.
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6 Conclusions

This study demonstrates that automated dock-based UAV systems can substantially improve the monitoring of glacier and
rock slope instabilities in remote alpine terrain. Across three different test sites, the application of automated UAVs coupled
with subsequent automated image processing, —anandd-integrated-displacement and change detection enabled safe and high-
frequency data acquisition at centimetre-level accuracy. Automatically collected UAV data with high spatio-temporal
resolution bridge the observational gap between satellite imagery and sporadic, manual UAV campaigns. Near-continuous
UAYV observations revealed short-term dynamic processes such as serac acceleration, scree slope creep, and post-failure terrain
subsidence. These findings highlight the value of automated UAVs for both monitoring and post-disaster assessment,
particularly where rapid hazard evolution requires flexibility and adaptability to gain situational awareness. However,
favourable regulatory conditions, reliable power and communication infrastructure, and local expertise remain essential
preconditions for scalable deployment. Overall, UAV dock-based monitoring represents a promising step toward automated
hazard monitoring networks in a large variety of geo-hazardous environments, with the potential to enhance risk mitigation
and strengthen the resilience of exposed communities. Future research should focus on integrating these systems into fully

operational early warning frameworks.
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