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WHICH BUILDINGS ARE AT RISK? MEET ALARM: AN AUTOMATED WORKFLOW
LINKING AVALANCHE RUNOUT MODELLING TO BUILDING RISK ASSESSMENT
FOR EMERGENCY MANAGEMENT IN NORWAY

Leonie Kommerell'™, Havard Boutera Toft!, Gustav Pless' and Karin Bergbjgrn'

"The Norwegian Water Resources and Energy Directorate, Oslo, Norway

ABSTRACT: During periods of high/extreme avalanche hazard, decision makers need to identify
which buildings may be exposed and where field assessments or evacuations should be prioritised. In
many parts of Norway, this assessment is challenging because detailed avalanche hazard-zone maps
or site-specific warning services are not available. The Avalanche Location Alert Risk Method (ALARM)
is therefore being developed as a supplementary tool for periods of high or extreme avalanche danger.
ALARM is an automated workflow that combines terrain analysis, potential release-area identification
and avalanche runout modelling to assess the exposure of relevant buildings. It uses inputs from the
regional avalanche forecast, such as elevation band, aspect and avalanche problem, to identify relevant
release areas and models how far dry-snow avalanches could run in different scenarios. The output is
a list of exposed buildings, together with maps of modelled avalanche runouts and estimated impact
pressures. The aim is to enable experts to focus their time and resources on the most exposed buildings
that may require field assessment or evacuation. ALARM provides a catalogue of five precomputed
standard scenarios for each of Norway's avalanche forecast regions, excluding Svalbard. It also enables
event-specific modelling for selected regions when the standard scenarios are insufficient. The workflow
is intended as a decision-support tool and not as a replacement for expert judgement, local knowledge
or detailed hazard-zone mapping. Validation against historical events and official hazard zones is ongo-
ing; the present paper therefore demonstrates the method, national-scale implementation and compu-
tational feasibility rather than predictive accuracy. Approximately 30,000 simulations can be processed
within four hours for a selected region, indicating that ALARM may eventually support time-critical ava-
lanche emergency management once validation is complete.

KEYWORDS: Avalanche exposure, Emergency management, Potential release areas, Runout model-
ling, Decision support, Building prioritization

1. INTRODUCTION

Snow avalanches threaten lives, roads, buildings,

it can be unclear which buildings should be eval-
uated or which occupants should be considered
for evacuation. Decisions must often be made

and other infrastructure in many parts of Norway,
especially where steep slopes lie close to settle-
ments. Using the national avalanche hazard indi-
cation maps (AHIM), Toft et al. (2026) estimate
that 150,000 buildings could be exposed to ava-
lanches. Hazard-zone maps, regulations for new
developments, mitigation measures, and site-
specific avalanche warnings provide important
risk-management measures. However, AHIM de-
scribe long-term susceptibility rather than the cur-
rent snow and weather situation, and detailed
hazard mapping is resource-intensive and avail-
able only for a subset of locations. As a result,
many buildings in avalanche-prone terrain still
lack a systematic assessment of exposure.

For emergency preparedness, this creates a
practical problem: during a large avalanche cycle,
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with limited field observations, under changing
conditions, and across large areas. They there-
fore rely heavily on the judgement of avalanche
experts and local decision makers. ALARM ad-
dresses this issue by providing a consistent initial
screening of buildings that may be exposed un-
der a given avalanche scenario. The workflow
identifies potential release areas using an
adapted implementation of the potential release
area (PRA) algorithm from Veitinger et al. (2016),
simulates dry-snow avalanche runout with Ava-
Frame's com1DFA model (AvaFrame, 2026a),
and compares the modelled runout impact pres-
sures with the positions of relevant buildings. The
model output is a map and a priority list that can
help experts narrow down the set of buildings re-
quiring assessment.

This paper describes the model components of
ALARM and demonstrates its large-scale appli-
cation across all forecast regions in Norway, ex-
cluding Svalbard. A case study from Oldervik in
Troms, Northern Norway, illustrates how the
model can combine information from the ava-
lanche forecast with information on individual
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building exposure. Validation against large ava-
lanche events and detailed avalanche hazard
mapping is still ongoing. The results should there-
fore be interpreted as a demonstration of the
model workflow and its computational feasibility,
not as a validated operational product.

2. METHODS

ALARM supports two complementary modes of
operation. The first mode uses a national cata-
logue of five standard parameter scenarios that
have already been precomputed for all 23 ava-
lanche forecast regions on the Norwegian main-
land. These scenarios provide results that can be
filtered by elevation and aspect according to the
current regional avalanche forecast. The second
mode allows users to start a new, configurable
run for a selected region if the precomputed sce-
narios are not sufficient. Both modes follow the
same five-step workflow and produce a building-
level exposure list that can be traced back to the
relevant release areas and runout-model outputs.

2.1 Module 1 — Potential Release Area
(PRA) Calculation

PRAs are identified from a 5 m digital elevation
model (DEM) resampled by the Geological Sur-
vey of Norway (NGU) from the national 1 m ele-
vation model provided by the Norwegian Mapping
Authority (Kartverket, n.d.). Where available, the
workflow also uses the NIBIO SR16 forest raster.
Following the fuzzy-logic approach of Veitinger et
al. (2016), ALARM treats slope angle as a graded
suitability score rather than a simple yes/no
threshold. Terrain with slope angles from 28° to
60° is evaluated together with wind exposure,
curvature, and surface roughness. These factors
are combined into a suitability score between 0
and 1 for each raster cell, where higher values
indicate terrain that is more suitable for release-
area formation. The PRA calculation is adapted
from the method used in Toft et al. (2024). Forest
cover is represented by stem density from the
SR16 dataset (NIBIO, 2019); higher stem densi-
ties reduce the suitability score to account for the
stabilizing effect of forest on the snowpack (Bebi
et al,, 2021).

Cells above the upper threshold form the polygon
cores, or seeds. These seeds are then expanded
into adjacent terrain where suitability scores ex-
ceed a lower growing threshold. This approach
produces release areas bounded by terrain form
rather than by a single binary cutoff. A minimum-
area threshold removes isolated noise while re-
taining small release features. The module can
produce either a binary PRA raster, where cells
above a selected suitability score are assigned a
value of 1 and retained as PRAs, or a continuous

743

PRA raster, where each cell keeps its suitability
score between 0 and 1. The raster selected by
the user is then converted to vector PRA shape-
files containing area, elevation, and slope attrib-
utes.

Configuration Files containing
parameters and paths
(pipeline_config.yml,
regional_pipeline_config.yml etc.)
DEM file {5 m)
Forest raster

Calculating Potential Release Areas

PRAs in (binary &
adaptive)

based on terrain & forest parameters as .shp

and development prabability
(adaptive PRAs)

Module 1

o Postprocessing
% Postprocessed PRAs
'g (Filtering noise, fixing holes in PRAs without holes as .shp
= for better simulation quality)
Modelling preparation: Split inputs Individual simulation
m directories with
% Individual folder for each PRA relevant PRA
K containing relevant DEM section & information (DEM
= PRA *shp and added release sectiqn. PRA, release
thickness in each PRA thickness etc.)
) . - Pressure rasters
<+ M 1l th 1df:
o el noltpleomicts - Avalanche tracks
3 —_— -
k=] Rounout modelling using Rleoscloieseis
o \ rasters
= AvaFrame's comldfa i

Building exposure assessment - Exposure reports
(.txt & .csv)
- Affected buildings

(.shp)

—

Module 5

Analyzing building exposure based on
safety class thresholds

Figure 1: Overview of the ALARM 2.0 workflow.
The five sequential modules derive potential re-
lease areas, prepare and simulate avalanche
runout, and combine the model outputs with
building data to produce building-level exposure
results.

2.2 Module 2 — Postprocessing

PRA polygons produced in Module 1 may contain
internal holes representing locally unsuitable ter-
rain such as flat areas or dense vegetation that
cannot be processed directly by com1DFA.
Simply filling all holes would incorrectly turn un-
suitable terrain into release areas and could
make the simulated runouts too large. ALARM
therefore applies a size-based cleaning step.
Small holes below a configurable threshold are
filled, while larger holes are opened by cutting a
very narrow corridor, approximately 3—15 cm
wide, from the hole to the outside boundary of the
polygon. This corridor is negligible compared with
the 5 m raster resolution, but it removes the inva-
lid interior ring while keeping the polygon area ef-
fectively unchanged. The module outputs
cleaned PRA polygons with their original attrib-
utes and a record of the processing applied.



Proceedings, International Snow Science Workshop, Whistler, BC, Canada, 2026

2.3 Module 3 — Modelling Preparation

Input preparation for modelling builds on Ava-
Frame's regional com7Regional module (Oes-
terle et al., 2025). Because simulation runtime in-
creases with the number of terrain cells pro-
cessed, each PRA is simulated on a clipped DEM
rather than on the complete regional DEM. For
every PRA, the AvaFrame module creates a sep-
arate simulation folder containing the corre-
sponding PRA shapefile and DEM subset. In
ALARM, com7Regional has been modified so
that the buffer adapts to the PRA size and is ap-
plied mainly in the downhill direction. Based on
internal implementation tests, the buffer around
each DEM subset scales from 250 to 1,500 m de-
pending on DEM size. Buffering is also direc-
tional: a full buffer is retained downslope,
whereas the upslope buffer is reduced; symmet-
ric buffering is used where terrain direction can-
not be resolved. Internal tests indicated that this
directional clipping reduced the processed terrain
area by approximately 40% without removing the
downslope domain required for the simulations.

Each PRA is then assigned a release thickness
representing the depth of snow assumed mobi-
lized at release. This value is set in the ALARM
configuration. A multi-thickness option allows the
same PRA to be simulated with several release
thicknesses without repeating the PRA calcula-
tion. Other model parameters are also defined in
the ALARM settings and passed to the AvaFrame
modules.

The module outputs a folder structure in the for-
mat expected by com1DFA. Each folder contains
a clipped DEM, the corresponding PRA shapefile,
and the assigned release-thickness configura-
tion.

2.4 Module 4
com1DFA

Avalanche runout is simulated with AvaFrame's
com1DFA module using the SamosAT friction
model implemented in AvaFrame (Oesterle et al.,
2025). For each simulation, the model produces
peak rasters of maximum impact pressure, flow
velocity, and flow thickness. These rasters are
used in the building exposure assessment in
Module 5.

com1DFA was selected because it is open
source, physically based, produces the peak-
pressure outputs needed for building assess-
ment, and can be integrated into an automated
regional workflow. A fork of AvaFrame 1.12 was
developed for ALARM to run simulations in paral-
lel, reduce the amount of stored output, and make
the relevant model settings easier to adjust while

Runout Modelling with
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preserving compatibility with existing AvaFrame
workflows.

2.5 Module 5 — Building Exposure Assess-
ment

For each simulation, cells with simulated peak
pressure above the configurable threshold of 0.1
kPa are merged into an avalanche-track polygon
and linked to the source PRA through a unique
identifier. The threshold is used to remove low-
pressure numerical noise when converting peak-
pressure rasters into polygons. Track attributes
include polygon area, mean and maximum peak
pressure, and median PRA elevation.

The merged modelled peak-pressure raster is
combined with building geometries and building
categories. Building geometries were obtained
from the Geovekst FKB-Bygning dataset, with
data status from November 2025 (Norwegian
Mapping Authority, 2025). For each building, the
model identifies the maximum simulated peak
pressure within a user-defined buffer around the
building. This value is then compared with
screening criteria for the corresponding building
category, informed by the safety classes in the
Norwegian building code (Norwegian Directorate
for Building Quality, 2017). Buildings that exceed
these criteria are flagged as potentially exposed.
The outputs include per-building records and a
ranked summary of potentially exposed buildings,
including residential buildings and buildings as-
sociated with many residents or critical functions.
The results are intended for prioritization and do
not constitute a regulatory compliance assess-
ment or a substitute for site-specific avalanche
forecasting.

2.6 Scenario-based application

To process large regions efficiently, ALARM di-
vides each analysis area into 10 x 10 km tiles with
a 1 km overlap. The full workflow, from Module 1
to Module 5, is run for each tile and parallelized
across tiles and available CPU cores. Tile-level
peak-pressure results are then merged by keep-
ing the highest value at each grid cell. Individual
PRAs and avalanche tracks are preserved so that
each result can be traced back to its source.

As a national baseline, ALARM has precomputed
five standard parameter scenarios for each fore-
cast region (Table 1), spanning moderate to ex-
treme snow conditions and alternative PRA delin-
eation strategies. The scenarios vary three pa-
rameters: the PRA dual thresholds, where 80/60
represents stricter delineation and 75/55 repre-
sents more permissive delineation; the proximity-
grouping distance, which allows nearby PRAs to
be modelled together and represents greater re-
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lease-propagation potential; and release thick-
ness. Additional parameter combinations can be
processed for individual regions if needed.

Table 1: Parameter variation in all five scenarios
modelled over the 23 warning regions.

Sce- Thresh- Proximity Release
nario olds grouping thickness
A 80/60 Om 1.2m

B 80/60 0Om 1.8 m

C 80/60 100 m 2.3m

D 75/55 0m 23m

E 75/55 150 m 23m

The five scenarios are interpreted as an ensem-
ble of plausible conditions, not as an ordered risk
scale. At this stage, the most appropriate param-
eter combination cannot yet be selected confi-
dently for each region. Using a common scenario
set therefore preserves national comparability
and represents uncertainty in PRA delineation,
release propagation, and release thickness. In
addition to the national catalogue, users can con-
figure and process several custom parameter
combinations for an individual region in a single
run.

3. PRELIMINARY RESULTS

ALARM was applied to all 23 avalanche forecast
regions on the Norwegian mainland that receive
daily forecasts. Each region was processed un-
der all five standard scenarios (Table 1), covering
approximately 214,435 km?2. The full national run
was completed on a server with 48 CPU cores
and approximately 300 GB RAM and took about
three weeks. In total, 3,838,337 individual ava-
lanche simulations were performed across all re-
gions and scenarios. This demonstrates that the
workflow can process large and varied terrain at
national scale. To show the outputs in more de-
tail, the following section presents Oldervik in
Tromsg@ municipality (Figure 2) as a case study.

Tromsg municipality in Northern Norway covers
a land area of 2,474 km?. Oldervik was selected
for the case study because recent hazard-zone
mapping provides a basis for comparison (NVE,
2024), and because documented avalanche
events have repeatedly blocked access roads
and led to evacuations in and around the village.
These events are particularly well documented
because a site-specific avalanche warning is in
place. These characteristics make Oldervik a rel-
evant test site for examining whether ALARM
produces exposure patterns that practitioners
can interpret and use during a known avalanche
situation.
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Figure 2: Position of Oldervik in Tromsg munici-
pality in Northern Norway (Basemap: Open
Street Map).

The case study scenario was based on the ava-
lanche warning issued for the Tromsg forecast
region on 18 March 2025 (Figure 3), when the
danger level was 4 (high). Repeated snowfall and
periods of strong northwesterly winds had depos-
ited approximately 50-60 cm of new snow locally
during the preceding five days. The forecast iden-
tified a wind-slab problem above 300 m a.s.l.,
with expected avalanche size 3 and locally size
4, as well as a wet loose-snow problem. Because
ALARM currently focuses on dry dense-flow ava-
lanches, the wind-slab problem was selected to
define the scenario. The reported northwesterly
winds were then used to identify the correspond-
ing leeward release aspects.

Wind drifted snow (slab avalanches)

Avalanches may release spontaneously on many steep slopes. Avalanches can get large
enough to bury a car or destroy a small house (size 3).

Buried weak layer of new snow

> NN

Figure 3: Excerpt from the avalanche forecast is-
sued for the Tromsg forecast region on 18 March
2025 (Varsom, 2025).
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Figure 4: Modelled avalanche tracks in Oldervik
under Scenario E after filtering shown in blue.
The dashed lines outline registered past snow av-
alanche events. Basemap: GeocacheBasis (Ge-
odata AS et al., 2026).

The first step in the case study was to retain only
PRAs above 300 m a.s.l. on leeward aspects
consistent with loading by the reported north-
westerly wind. The filtered PRA set was then
used to select the corresponding avalanche
tracks and potentially affected buildings in
Oldervik (Figure 4). Buildings were then ranked
from highest to lowest modelled impact pressure.
For the three most exposed buildings, Table 2 re-
ports the contributing source PRA or PRAs, esti-
mated impact pressures, and the median eleva-
tion and aspect of the originating PRA. Building
identifiers are partially redacted for publication.

Table 2: Three buildings with the highest mod-
elled exposure under the selected avalanche
scenario in Oldervik.

Building | Relevant Peak PRA elev.
ID PRAs pressure | (m a.s.l.)
(kPa) at| and as-
building pect
xxxx844 | 593, 214 136.5 505-S
xxxx278 | 593, 214 84.2 505 -S
xxxx274 | 593, 214 49.8 505-8

In an operational setting, this ranked building-
level output could help emergency responders
decide where to start. Instead of treating all po-
tentially affected buildings as equally urgent, re-
sponders could prioritise site inspections and
evacuation assessments for buildings with the
highest modelled exposure. Figure 5 shows the
spatial distribution of potentially affected build-
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ings near Oldervik and identifies the three high-
est-ranked buildings listed in Table 2. Together,
the table and map translate the model output into
a practical priority list for expert review and field
deployment.

Figure 5: Detail view of the highest-priority build-
ings (numbered, corresponding to Table 2) and
additional potentially affected buildings near
Oldervik, Tromsg@. Avalanche tracks and esti-
mated impact pressure are shown for the applied
scenario based on the 18 March 2025 warning
and release areas leeward of the reported north-
westerly wind. Basemap: GeocacheBasis (Geo-
data AS et al., 2026).

A large dry-slab avalanche was reported near
Oldervik during the same warning period
(RegObs, 2025), providing a relevant event for
subsequent validation work.

4. DISCUSSION

The preliminary results show that ALARM is tech-
nically scalable. Across all 23 mainland forecast
regions and five scenarios, the workflow com-
pleted 3,838,337 simulations. The approximate
three-week runtime shows that nationwide sce-
nario precomputation is feasible. At a more tar-
geted regional scale, about 30,000 simulations
can be processed within four hours on the tested
computing setup. This suggests that regional cal-
culations could be feasible within time frames rel-
evant to an evolving avalanche situation. How-
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ever, predictive accuracy still needs to be quanti-
fied through the systematic validation described
below.

By design, ALARM's runout modelling targets dry
dense-flow avalanches using com1DFA's Samo-
sAT friction model. Wet-snow and powder-snow
processes are not represented in the current ver-
sion. Avalanche forecasts often list several ava-
lanche problems at the same time, as in the case
study above, where both wind-slab and wet
loose-snow problems were active. In such cases,
ALARM addresses only the wind-slab problem,
and the results should not be interpreted as a
complete hazard picture for the day. Extending
coverage to other avalanche types may become
feasible as wet-snow-capable modelling options
within AvaFrame/OpenNHM develop further, in-
cluding com1DFA's wet-snow friction option and
NGI's experimental MoT-Voellmy module (Ava-
Frame, 2026a, 2026b). Simulated peak pressure
is a modelled, relative quantity rather than a
measured pressure. It depends on simplifying as-
sumptions in the model, such as friction parame-
ters, and should therefore be used to compare
exposure across buildings and scenarios rather
than as an absolute value for structural design.
The five standard scenarios applied in the nation-
wide run form a precomputed ensemble repre-
senting plausible variation in PRA delineation, re-
lease propagation, and release thickness; they
are not a ranked severity scale. For a given event,
users can first filter this catalogue by elevation
band and aspect and then interpret differences
between the resulting exposure lists using local
knowledge and professional judgement. If the
standard ensemble does not adequately repre-
sent the situation, a tailored regional simulation
can be generated with adjusted parameter set-
tings. This combination of rapid access to pre-
computed results and flexible regional processing
is consistent with ALARM's role as a decision-
support tool rather than an automated source of
a single correct answer.

Systematic validation against recorded ava-
lanche events and detailed hazard-zone mapping
is ongoing and is not yet available. The present
output should therefore not be used for opera-
tional decision-making. Instead, it constitutes a
preliminary research dataset for testing the inter-
nal consistency of the workflow and identifying
model sensitivities. The next phase will assess
whether modelled PRAs correspond to observed
release areas, whether simulated runout repro-
duces documented avalanche extents, and
whether the resulting building ranking identifies
locations that were actually exposed. It will quan-
tify true positives, false positives, and false nega-
tives at both avalanche-path and building level.
This distinction is important for practitioners: false
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positives could generate unnecessary field in-
spections or evacuations, use limited response
resources inefficiently, and reduce user confi-
dence, whereas false negatives could leave ex-
posed buildings unidentified and lead to poten-
tially severe consequences. Only after accuracy
has been validated across multiple documented
events and regions should ALARM outputs be
considered for operational use in decision-sup-
port settings.

Establishing this evidence base across multiple
regions is therefore the immediate next step.
ALARM adapts the AutoATES 2.0 PRA calcula-
tion (Toft et al., 2024), originally developed to
support terrain assessment for recreational
travel, toward building-level, condition-dependent
exposure assessment. Related work within CAlI-
ROS also supports operational avalanche deci-
sion-making, but focuses on harmonizing work-
flows, training, and tools for avalanche commis-
sions in the European Alps (Winkler et al., 2024).
ALARM's scenario-based outputs are tied to spe-
cific snow and weather conditions and can there-
fore provide more targeted, condition-dependent
guidance during active avalanche cycles, com-
plementing static hazard-zone mapping. ALARM
is not intended to replace detailed hazard-zone
mapping, which remains the appropriate basis for
land-use regulation where available. Its intended
role is to support rapid, expert-led assessment
during avalanche emergencies, particularly
where detailed hazard-zone mapping or a site-
specific warning is unavailable.

5. CONCLUSION AND OUTLOOK

This paper presents ALARM, an automated work-
flow that combines terrain-based release-area
modelling, physics-based runout simulations,
and building-level exposure assessment. It
demonstrates ALARM's application across all 23
avalanche forecast regions on the Norwegian
mainland. The nationwide results show that pre-
computing a five-scenario catalogue is computa-
tionally feasible, while the Oldervik case study il-
lustrates how filtered results can help experts pri-
oritise which buildings to inspect and, if neces-
sary, consider for evacuation during large ava-
lanche cycles. The demonstrated capacity to pro-
cess approximately 30,000 simulations within
four hours further indicates that regional model-
ling is feasible for urgent situations not covered
by the nationwide precomputed scenarios. Accu-
racy remains to be established through system-
atic validation.

Planned validation will follow the dependency
structure of the workflow. Because PRA delinea-
tion controls all downstream modelling, it will be
validated first. This will involve manual compari-
sons with observations and with slopes that have
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well-documented avalanche histories. Validation
of runout modelling and building-level exposure
will follow once PRA validation is sufficiently ad-
vanced.

Beyond validation, planned work includes refin-
ing the scenario ensemble for individual regions.
As validation results become available, some re-
gions may need additional scenarios tailored to
local conditions, while unrealistic parameter com-
binations may be removed. Future versions may
also extend ALARM's runout modelling to other
avalanche types, such as wet-snow avalanches,
if suitable modelling options mature within Ava-
Frame. More broadly, ongoing work will help clar-
ify the extent to which Norwegian municipalities
need an automated avalanche decision-support
tool and whether ALARM, in its current or future
form, can meet that need.

Once validated, ALARM could provide system-
atic, condition-driven decision support for ava-
lanche emergency management across Norway.
Its main value would be to extend consistent
building-level screening to areas where detailed
local mapping or event-specific assessment is
not available.
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