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Abstract. Snow avalanches are recurring natural hazards that affect the population and transpertinfrastructure in mountainous
regionsduring-the-winter-months-, such as in the mestrecent avalanche winters £2018 and 2019, where-large-damages-were
when considerable damage was caused by avalanches throughout the Alps. Deeiston-Hazard decision makers need detailed
information on the spatial distribution of the-hazard-and-risk-avalanche hazards and risks to prioritize and apply appropriate
adaptation strategies and mitigation measures to-and thus minimize impacts. Here, we present a novel risk assessment approach
for assessing the spatial distribution of avalanche risk by combining large-scale hazard mapping with a state-of-the-art risk
assessment tool, where risk is understood as the product of hazard, exposure, and vulnerability. Hazard disposition is modeled
using the large-scale hazard indication mapping method RAMMS::LSHIM, and risks are assessed using the probabilistic
Python-based risk assessment platform CLIMADA, developed at ETH Ziirich. Fhe-avalanche-Avalanche hazard mapping for
scenarios with a 30-, 100-, and 300-year return period is based on a high-resolution terrain model, 3-day snow depth increase,
automatically determined potential release areas, and protection forest informationdata. Avalanche hazard for 40,000 single
individual snow avalanches is expressed as avalanche intensity, measured as pressure. Exposure is represented with a detailed
building layer indicating the spatial distribution of monetary assets. Vulnerability—ef-the-The vulnerability of buildings is
defined by damage functions based on the software EconoMe, which is in operational use in Switzerland. The outputs of
the hazard, exposure, and vulnerability analyses are combined to quantify the risk in spatially explicit risk maps. The risk
considers the probability and intensity of snow avalanche occurrence, as well as the concentration of vulnerable, exposed
buildings. Uncertainty and sensitivity analyses were performed to capture inherent variability in the input parameters. This
new risk assessment approach allows for-the-guantification-of-avalancherisk-ontarge seales-to quantify avalanche risk over
large areas and results in maps thatshew-displaying the spatial distribution of risk at specific locations. Large-scale risk maps
can assist decision makers in identifying areas where avalanche hazard mitigation and/or adaption is neededto-address-current
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1 Introduction

In a-time-of-densely populated mountainous landscapes and-with continuous socio-economic growth and changing climate
conditions, society is increasingly exposed to natural hazards (Zgheib et al., 2020). In mountainous regions such as the Alps,
avalanches are a significant natural hazard in winter, causing damage to buildings and infrastructure. In the past 20 years,
countriessituated-in-the EuropeanAdps-Alpine countries such as Switzerland have experienced multiple catastrophic avalanche
situations. The winter 2017/18 was the first since the catastrophic avalanche winter ef 1999-(Wiesinger-and-Adams;2007)-in
1999, (Wiesinger and Adams, 2007) during which the highest avalanche danger, level 5, was forecasted for wide areas across
the Swiss Alps. In January 2018, 2.5 to 5m of snow fell at higher altitudes within 25 days. Numerous avalanches in the
categories "large" and "very large" were counted (Zweifel et al., 2019). In total, over 380 avalanches eaused-a-damage-—to
damaged buildings, traffic routes, or important infrastructure in Switzerland (Briindl et al., 2019), making it te-the most severe
avalanche winter in recent years
(MeteoSchweiz, 2019; Pancevski, 2019; ZAMG, 2020; Trachsel et al., 2020). Alse-in-In the following winter 2018/19, fer

example-execeptional-snowfall-events-oceurredwhich-eaused-high-exceptional snowfalls again occurred, causing substantial
damages throughout Switzerland (Trachsel et al., 2020). Such events show that even in highly developed, well adapted coun-

e This was also the case in Austria and Germany

tries, society is still vulnerable to

savalanches. Strategies, methods, and risk
assessments to counteract this threat are well developed in most areas in the Alps, but they need to be continuously developed
to strengthen and improve the resilience of the population and their-its assets (Zgheib et al., 2020).

To cope with natural hazards threatening exposed assets, various institutions-organisations have introduced the concept of risk
to the field of natural hazards. The IPCC for instance defines risk as the likelihood fer-of the disturbance of the normal func-
tionality of a society due to a hazardous physical event under vulnerable social conditions (= vulnerability) with economic,
material or environmental consequences (IPCC, 2014), see also Fig. 1. According to this definition, the risk concept can also be
applied to events with harmful consequences to the environment and environmental systems. A-censideration-of-Considering

the impacts of natural hazards te-on the environment is

also important to us. However, since damage to human life *s-and man-made objects is of greater direct importance to society
and decision makers, this concept is mosthy-generally applied to infrastructure and buildings, as it is alse-in this study.

The concept of risk has-been-was introduced in Switzerland in the late 1990s to support decision makers for dealing with nat-
ural hazards (Heinimann et al., 1998; Borter, 1999; Briindl et al., 2009). The risk concept became-alse-also became the central
element of the Strategy for Natural Hazards of the National Platform Natural Hazards (PLANAT) in Switzerland (PLANAT,
2009, 2018). Overviews on-natural-hazards-of natural hazard risks and vulnerabilities in-at different spatial scales were gen-
erated by various institutions-organisations in the last decade (MATRIX Consortium, 2013; van Westen and Greiving, 2017;
Fuchs et al., 2019; FOEN, 2020). These studies vary from vulnerability surveys (Fuchs et al., 2015) to multi-risk and resilience
approaches (Kappes et al., 2012; Komendantova et al., 2016). Projects such as RoadRisk carried out by the Swiss Federal Roads
Office (ASTRA, 2012) or the National Risk Overview initiated by the Swiss Federal Office for the Environment (FOEN, 2020)

were created with-alotof-effert-andlongproject-duration’slaboriously. Such projects indicate-the-demand-underline the need
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for large-scale risk surveys.

Whatis-misstng-so-faris-a-A method to assess avalanche risk at a regional or national scale is currently lacking, with a state-of-
the-art hazard mapping tool ;-which-wotld-to allow decision-makers to identify hot spots of avalanche risk. The so-preduced

risk maps produced by this approach would show detailed short-term assessments to facilitate risk management decisions.
The goal of this study is to suggest-present a framework for assessing avalanche risk at-a-large-seale;-as-itis-presented-over
widespread areas, as shown in Fig. 1. The method was applied in a ease-study-to-aregionregional case study in central Switzer-

land, but eould-can be deployed anywhere in-the-world—Sinee-the-components-of risk-are-not-constantsueh-worldwide. Such
a framework can also helpto-depiet-be useful to identify and visualise changes of the components of risk, such as hazard,

exposure and vulnerability over time and space. In this paper, we focus on the presentation of the framework for the current

risk situation, which will serve as a platform-baseline for modelling expected climate and socio-economic induced changes of

risk in future.

w-New strategies and tools that-assist-to systematically
identify risk and respond to threats in exposed areas are of increasing importance, especially in the context of climate change
and population growth, (IPCC, 2012). Changes in the climate system and their influence on local weather phenomena do not
only affect us alreadynow (CH2018, 2018), but will likely lead to an increase of the frequency and magnitude of natural
hazards in the years to come (IPCC, 2014). In particular, various studies indicate that changes in the climate system, such
as temperature-rise-Tising temperatures and an increase of extreme precipitation events, will likely influence gravity-driven
hazards (Mani and Caduff, 2012; Ballesteros-Cédnovas et al., 2018), saeh-as-including snow avalanches.

2 Methods

2.1 Risk

In the context of natural hazards in Switzerland, risk is defined as the product of hazard potential, objects at risk (exposure) and
their vulnerability (Borter and Bart, 1999). In more detail, Briindl et al. (2016), defines risk as the damage that is statistically
expected due to the hazard intensity (= caused by avalanche impact pressure) in a given scenario, calculated as the product of
the expected damage and the frequency (= 1/return period) of this scenario.

In this study, the risk tool CLIMADA is used for risk assessment and therefore we use the definition of the framework devel-
opers. It is a similar but extended definition of the IPCC risk concept by Aznar-Siguan and Bresch (2019), expressing risk as

the probability of a consequence resulting from a hazard and its severity:
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risk= probability severity (1)
, where

severity= F (hazard intensity, exposure, vulnerabiity exposure vulnerability functiorfhazard intensity (2)

Figure 1. A schematic illustration of the applied IPCC risk concept with the used input components for generating the base information on
exposure, hazard and vulnerability, used to create risk maps and perform risk analyses.

Sineethecensideratiomtriskrequireshethreecompenentst Themethodghaptelis organisednto subsectiongxplaining

to risk, andits applicationto the casestudyregion(Section?.2) in detail, Thesesubsectiongontainthe informationon how

Hazard (Section 2.3¥lassis obtained by avalanche hazard mapping using the "RAMMS:LSIHM" (Rapid Alpine Mass Move-
ment Simulation:: Large Scale Hazard Indication Mapping) method. For this purpose, a protection forest layer (Section 2.3.2)
is generated that de nes where protection forest is located. Using this layer, potential releag@@reasan be identi ed

potential release areas and an assigned amount of snow, the RAMMS (Section 2.3.4) avalanche simulations can now be carrie
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ef—%hemeﬂe%arwaibieseﬁ&map@eetieﬂz%.The third component is thailnerability (Section 2.5)fass, which de nes

by-meansef-antb-andthusbe-usedin-therisk-framewerk. To express these components in numbers in the context of the
Risk concept (Section 2.1), the CLIMADA (Section 2.1.2) (Climate Adaptation) risk model is used. This model allows us to

express the risk in monetary ternssich as the expected annual imp@eti}as well as the aggregated average annual impact
{aatagg-yand depict them on spatial risk maps (Sectiong.—li}eeeﬂsielereéegien. These values can also be presented in

expected. A sensitivity and uncertalnty anaIyS|s (Sectlon 2.6.1) completes the rlsk assessment and shows the limitations of the

framework.

2.1.2 CLIMADA

CLIMADA is an open-source and —accd@ythonpackage for probabilistic risk assessment (Aznar—Siguan and Bresch, 2019).




140

145

150

155

160

165

170

including climate change that modi es the hazard and socio-economic development affecting the exposures and vulnerability.
Finally, one can compute the reduction in risk and cost from adaptation options to perform a cost-bene t analysis (Kropf et al.,
2021). For all the model outputs, CLIMADA provides a module to perform uncertainty and sensitivity analysis (Kropf et al.,
2022) using global (quasi-)Monte-Carlo sampling.

In this project, we use CLIMADA to compute the risk of avalanches to more than 13,000 indigidigétbuildings, from
each of the 40,000 simulated avalanches using the hazard intensity maps described in Sect. 2.3, the exposures distributio
described in Sec. 2.4 and the impact functions introduced in Sec. 2.5. As de ned in the CLIMADA tool (Aznar-Siguan and
Bresch, 2019), the impact is expressed by the following risk quantities:

— the expected annual impdetaifor each exposure (affected building) expressed in monetary terms pe&kéasiviss

from the impact functions;

— the average annual impagtai)is the average of the expected annual impdgets)-over all exposures, expressed in

monetary terms per year (CHF per year);

— the average annual impact aggreg&teai-agg-}is the sum of the average annual imp&etsi-for each scenario or all
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Figure 2. lllustration of the case study area of the Gotthard region in central Switzerland with the avalanche prone slpgesica)

¢) Hazard hot-spot Wassen. d) Altdorf and its surrounding slopes. Forests are shown in green and buildings in red. Map base data source
Swiss Federal Of ce of Topography (map.geo.admin.ch)

2.3 Hazard - Avalanche hazard indication mapping with RAMMS::LSHIM

users (Harvey et al., 2018) and exposed communities in Switzerland (Buhler et al., 2022), Italy (Maggioni et al., 2018; Monti
et al., 2018), and other regions worldwide (Buhler et al., 2018). To cover all possible avalanches affecting the region, every
hydrological catchment stretching from the main valley up to the mountain ridges of the side valleygswmaiecaspotential



