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Summary

Winter windstorms are among the most destructive and costliest natural
hazard events in Europe. Insured losses from the events Daria 1990,
Lothar 1999, and Kyrill 2007 amount to 8.6 billion, 8.4 billion, and 7.1
billion USD respectively. In Switzerland, the most recent severe event
Burglind/Eleanor caused 165 million CHF in building damages
additional to other socio-economic impacts like forest damage and
disruption in traffic and power supply. Societal decisions for the
management of winter windstorm risk require information about those
Impacts to be able to reduce them or handle them sustainably and
efficiently. This thesis documents the development and prototyping of
decision-support tools for different questions of risk management. The
tools are implemented in the CLIMADA framework, an open-source
risk-modelling platform in the programming language python. It
models risk as a combination of hazard, exposure and vulnerability.
Meteorological and climatological research has culminated in hazard
datasets describing the intensity, spatial distribution, and likelihood of
storm events. This thesis implements, calibrates and evaluates risk
information derived from the combination of these hazard datasets with
exposure and vulnerability. The exposure describes the assets or value
at risk: a spatial description of infrastructure, natural resources,
population, or vulnerable groups. The vulnerability defines how the
proportional impact to exposure, such as a damage degree, is linked to
the hazard intensity. One tool describes the risk assessment of building
damages from winter windstorms and is applied to the building
insurance industry. The second tool forecasts building damages based
on weather forecasts. It firstly supports decision-making for preventive
actions in the building insurance industry, and secondly can be used in
the context of incorporating impacts into weather warnings by national
meteorological services. In chapter 1, the scientific context of the tools
Is introduced regarding winter windstorms, impact data, risk
modelling, risk assessment and decision-making.

In chapter 2, the socio-economic impacts of winter windstorms are

illustrated by the example of a recent event. The impacts of the winter

windstorm Burglind/Eleanor (3 January 2018) in Switzerland are

collected from different government agencies and other organizations.

The event is responsible for the largest infrastructure and forest damage

from a winter storm in Switzerland since Lothar 1999.
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Burglind/Eleanor caused building damages of around 165 million
CHF. There were also disruptions to road- and rail-traffic and in power
supply. In Swiss forests, around 1.3 million cubic metres of wood were
felled.

Chapter 3 reviews two newly published hazard datasets of winter
storms, one containing high-resolution gust speed intensities of more
than 140 historical storms, and the other a synthetic event set with more
than 7°660 events generated in climate model runs. A comparison with
previously used datasets in industry and academia reveals that the
historical dataset represents similar storm severity characteristics to the
other datasets. Its high spatial resolution, the long historical time period
covered, and its open-access and free availability recommend this
dataset for use in risk assessments in industry and research. The
synthetic event set shows different storm severity characteristics from
industry and academic datasets as well as from the historical dataset, as
especially the spatial extends of the events were smaller. The use of
this particular synthetic event set in risk assessments is cautioned.

In chapter 4, the first decision-support tool, i.e., risk-assessments for
building damages, is presented in an applied context. The open-access
historical event set from chapter 3 and a purpose-built probabilistic
event set are used in a risk assessment for the insurance industry in a
collaboration with the cantonal building insurance of the canton of
Zurich GVZ. Insurance companies, with access to their claims data,
have been in a good position to assess their risk from winter
windstorms. The risk assessments based on claims data are compared
with risk assessments from modelled building damages from the GVZ
proprietary impact model and the open-source impact model within the
CLIMADA platform. Insurance companies can benefit from
complementing their claims-based risk assessments using the newly
available events sets, especially concerning rare events. In a special
focus, the uncertainties of the different approaches are discussed and
illustrated.

Chapter 5 presents the second decision-support tool, a newly developed

impact forecasting system for building damages from winter

windstorms in Switzerland. Since societal decisions on preventive

actions are best supported with estimations of expected impacts of the

weather events, national meteorological services aim to incorporate

impacts into their warnings. This system’s forecasted impacts support
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decision-making for specific users, e.g. the building insurance sector
who need to pre-allocate additional resources for claims adjustments
and claims handling. In a comparison with claims, the impact forecasts
of building damages from winter windstorms are promising, but for
other wind phenomena like thunderstorms and foehn storms they do
not work as reliably.

This is followed by a synthesis of the thesis and the four main chapters.
The uncertainties in impact modelling for risk assessment and impact
forecasts are discussed. In future endeavors, the uncertainties in
exposure and vulnerability could be explicitly represented in an
ensemble of opportunity of different model implementations. This
would allow a comparison of the uncertainty of the hazard, exposure
and vulnerability components, and a discussion of second order
uncertainty. The role of exposure in impact warnings is highlighted: it
provides the metric and spatial pattern of impact forecasts which are
straightforward and relatable information. Suggestions for future topics
and implications in research and applications are provided in an
outlook. This thesis demonstrates how the decision-support tools
within the CLIMADA framework in combination with climatological
datasets, as well as open-access weather forecasts, can provide
actionable risk assessments and impact warnings. The free, open-
source methods lend their support for the suggested future
developments.



Zusammenfassung

Winterstirme gehoren zu den schédlichsten und teuersten
Naturgefahrenereignissen in Europa. Versicherte Schéden von den
Ereignissen Daria 1990, Lothar 1999 und Kyrill 2007 beliefen sich
jeweils auf 8.6 Milliarden, 8.4 Milliarden und 7.1 Milliarden USD. In
der Schweiz fiihrte der letzte gréssere Sturm Burglind/Eleanor zu 165
Millionen CHF an Gebdudeschaden und zusatzlich zu anderen
gesellschaftlichen Auswirkungen wie Waldschaden und Unterbriichen
Im Verkehr und in der Stromversorgung. Entscheidungen in der
Gesellschaft fur den Umgang mit dem Sturmrisiko bedirfen
Informationen zu den Auswirkungen um diese zu vermeiden oder
maoglichst nachhaltig und effizient zu bewaéltigen. Diese Doktorarbeit
dokumentiert die Entwicklung und beispielhafte Anwendung von
Softwaretools zur Entscheidungshilfe fir verschieden Fragen im
Umgang mit Risiken. Diese Entscheidungshilfen wurden als Teil der
open-source Risikomodellierungsplattform CLIMADA in der
Programmiersprache python implementiert. CLIMADA modelliert
Risiko als eine Kombination aus Geféhrdung (hazard), Exposition
(exposure) und Verletzlichkeit (vulnerability). Die meteorologische
und klimatologische  Forschung hat Gefahrdungsdatensatze
hervorgebracht, die die Intensitat, die geographische Verteilung und
die Wahrscheinlichkeit von Sturmereignissen beschreibt. Diese
Doktorarbeit  implementiert,  kalibriert und  bewertet die
Risikoinformationen, die aus der Kombination  dieser
Gefahrdungsdatensétzen mit Exposition und Verletzlichkeit entstehen.
Die Exposition beschreibt gefahrdete Vermodgenswerte oder Elemente:
es ist eine geographische Beschreibung von Infrastruktur, natirlichen
Ressourcen, Bevolkerung oder besonders verletzliche Gruppen. Die
Verletzlichkeit definiert zu welchen relativen Auswirkungen, zum
Beispiel welchen Schadensgrad, eine gewissen Geféahrdungsintensitat
bei der Exposition flihrt. Ein Tool beschreibt die Risikoabschatzung
von Geb&udeschéden durch Stiirme in der Versicherungsindustrie. Das
zweite Tool macht Vorhersagen zu Gebaudeschaden basierend auf
Wettervorhersagen. Dieses Tool kann erstens die
Entscheidungsfindung  zu  Vorbereitungshandlungen in  der
Versicherungsindustrie unterstiitzen und zweitens kann es genutzt
werden um Auswirkungen in den Warnprozess von nationalen
Wetterdiensten zu integrieren. Im ersten Kapitel wird der
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wissenschaftliche Hintergrund dieser beiden Tools eingefiihrt in den
Bereichen  Winterstirme,  Datensdtze  zu  Auswirkungen,
Risikomodellierung, Risikoabschéatzung und Entscheidungsfindung.

Im zweiten Kapitel werden die gesellschaftlichen Auswirkungen von
Winterstirmen illustriert anhand dem Beispiel eines kiirzlich erfolgten
Ereignisses. Die Auswirkungen des Sturms Burglind/Eleanor (3.
Januar 2018) in der Schweiz wurden bei verschiedenen Behdrden und
anderen Organisationen zusammengestellt. Das Ereignis hat in der
Schweiz die grossten Infrastrukturschdden und Waldschaden im
Zusammenhang mit Winterstirmen seit Lothar 1999 verursacht.
Burglind/Eleanor beschéadigte Gebdude flr eine Schadenswert von
ungeféahr 165 Millionen CHF. Es kam auch zu Unterbriichen im
Strassen- und Schienenverkehr sowie zu Stromausfallen. In Schweizer
Waldern wurden ungefdhr 1.3 Millionen Kubikmeter Holz
umgeworfen.

Kapitel drei begutachtet zwei neu veroffentlichte
Gefahrdungsdatensatze zu  Winterstirmen, einer  beinhaltet
hochaufgeldste Béengeschwindigkeiten von mehr als 140 historischen
Stiirmen, der andere Datensatz enthdlt mehr als 7°660 synthetische
Ereignisse welche mit Klimamodellen erzeugt wurden. Ein Vergleich
mit bewahrten Datensétzen aus der Vesicherungsindustrie und aus der
Forschung zeigte auf, dass der historische Datensatz &hnliche
Charakteristiken bezliglich des Schweregrads von Sturmereignissen
aufweist wie die bewéhrten Datensatze. Die hohe rdumliche
Auflosung, die lange abgedeckte historische Zeitspanne und die offene
und freie Zuganglichkeit empfehlen diesen Datensatz fir die
Verwendung in Risikoabschatzungen in der Industrie und in der
Forschung. Der synthetische Datensatz zeigt abweichende
Charakteristiken beztiglich des Schweregrads von Sturmereignissen im
Vergleich zu den bewahrten Datensétzen, im speziellen war die
raumliche Ausdehnung der Events kleiner. Fur die Verwendung von
diesem spezifischen synthetischen Datensatz wurde deshalb zur
Vorsicht gemahnt.

Im vierten Kapitel wird das erste Tool zur Entscheidungshilfe, also die

Risikoabschatzung von Gebdudeschaden, in einem angewandten

Kontext vorgestellt. Der frei zugéangliche historische Datensatz aus

Kapitel drei und ein  zweckorientiertes  probabilistisches

Ereignisdatenset werden fir eine Risikoabschdtzung in der
vii



Versicherungsindustrie angewendet in einer Zusammenarbeit mit der
Gebé&udeversicherung Kanton Zirich GVZ.
Versicherungsunternehmen waren schon immer in einer guten
Ausgangslage um ihre Risiken abzuschétzen, da sie Zugang zu ihren
eignen Schadensfalldatenbanken haben. Die Risikoabschétzung
basierend auf Schadensféllen wird verglichen mit Risikoabschatzungen
mit modellierten Schaden mithilfe des Schadensmodells der GVVZ und
des oOffentlichen Schadensmodells in der CLIMADA Plattform.
Versicherungsunternehmen  kénnen  davon  profitieren  ihre
Schadensfall-basierten Risikoabschdtzungen mithilfe der neuen
offentlichen Gefahrdungsdatensatzen zu erweitern, speziell gilt das fur
die Abschatzung von seltenen Ereignissen.

Kapitel funf prasentiert ein zweites Tool zur Entscheidungshilfe, ein
neu entwickeltes Auswirkungsvorhersagesystem fiir Gebaudeschaden
durch  Winterstirme in der Schweiz. Da gesellschaftliche
Entscheidungen tber vorbeugende Massnahmen am besten unterstitz
werden durch Schétzungen zu erwarteten Auswirkungen, zielen
nationale Wetterdienste darauf Auswirkungen in ihre Warnungen zu
integrieren. Die vorhergesagten Auswirkungen unterstiitzt die
Entscheidungsfindung von einzelnen Benutzern, zum Beispiel der
Gebdudeversicherungsindustrie, welche zusatzliche Ressourcen fir die
Abschétzung und Behandlung der Schadensfalle einplanen missen. In
einem Vergleich mit tatsachlichen Schadensfdllen sind die
Auswirkungsvorhersagen fir Gebaudeschaden von Winterstiirmen
vielsprechend. Fir andere Windphanomene wie Gewitter und
Fohnstiirme funktionieren sie jedoch nicht gleich zuverlassig.

Es folgt eine Synthese der Doktorarbeit und der vier Hauptkapitel. Die
Unsicherheit in der Modellierung der Auswirkungen fur
Risikoabschatzungen und Auswirkungsvorhersagen werden diskutiert.
In zukiinftigen Anstrengungen konnte die Unsicherheit in der
Exposition und der Verletzlichkeit explizit durch ein
gelegenheitsorientiertes Ensemble aus verschiedenen
Modellimplementierungen abgebildet werden. Damit kdnnte man die
Unsicherheit der verschiedenen Komponenten, Gefahrdung,
Exposition und Verletzlichkeit vergleichen und die Unsicherheit
zweiter Ordnung diskutieren. Die spezifische Rolle der Exposition in
den Auswirkungswarnungen wird hervorgehoben: Sie bestimmt die
Metrik und das radumliche Muster der Auswirkungsvorhersagen welche
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unkomplizierte und zuordenbare Information darstellen. In einem
Outlook werden Vorschléage fir zukunftige Themenbereiche und
mdgliche Konsequenzen gegeben. Diese Doktorarbeit demonstriert
wie Tools zu Entscheidungshilfe in der CLIMADA Plattform in
Kombination mit klimatologischen Datensétzen und
Wettervorhersagen Risikoabschatzungen und Auswirkungswarnungen
hervorbringen kann. Die frei zugéngliche und quelloffenen Methoden
konnen fir diese zukinftigen Entwicklungsschritte wiederverwendet
und ergéanzt werden.
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Figures

Figure 1 Conceptual model of extreme winter windstorms. Figure and
caption are reproduced from Hewson and Neu (2015): “Panel (a) shows
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1 Introduction

1.1 Preamble

Experiencing the variability of weather is a wonderful and interesting
part of being on this planet. As many parts of our society depend on the
weather, the variability provides both opportunity and difficulty. In the
worst case, extreme weather events constitute an “unpredictable” force,
which can lead to substantial damage, disruptions and other impacts.
“Unpredictable” in this context is a colloquial word, which means rare
and/or random (Andrews & Quintana, 2015). The forces are strong
winds, floods, heavy rain, hail and lightning among others that affect
infrastructure and activities of society. To minimize such impacts,
society aims to be more resistant (adapted from PLANAT, 2018). If
possible, hazard prone areas are avoided. Otherwise, adequate
protection is implemented by putting protection measures in place for
people and natural resources and by reinforcing buildings and facilities.
Additionally, redundancies are provided for critical infrastructures and
activities, such parallel systems ensure that they are not entirely
disrupted by one natural hazard event (PLANAT, 2018).

These resistance measures can be expensive and cannot cover all
possible impacts of extreme weather events. The risk of such impacts
Is best managed in an integrated framework, that also includes recovery
and adaptation to changes (PLANAT, 2018). Risk reduction should be
an ongoing endeavour, influencing decisions not only prior to, during
and after an event. In between events, risk should be monitored, new
non-acceptable risks should be avoided and learnings from past events
should be derived. A general framework is described in the Sendai
framework for disaster risk reduction (UNISDR, 2015).

One priority is to build a better understanding of the risk in all its
dimensions: vulnerability, capacity, exposure, hazard characteristics
and environment (UNISDR, 2015). This includes the understanding of
extreme weather events and societal impacts such as the location, the
intensity of the weather event, the severity of the impacts, and the
probability that such an event occurs. This information is provided by
science-based methodologies and tools e.g. disaster risk models or
impact models and early warning systems (UNISDR, 2015). This thesis
presents and provides methods and tools to support decision-making in
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the context of risk reduction about one such weather extreme: the
Impacts of winter windstorms in the alpine region.

A series of models predict certain aspects of extreme weather events:
reanalysis and climate models describe the frequency and intensity of
rare extremes and long-term trends, this hazard information needs to be
combined with the other risk dimensions e.g., vulnerability and
exposure. Weather forecast models predict the intensity of upcoming
weather events. To help decision around preventive actions, potential
Impact need to be incorporated into the communication of weather
warnings (WMO, 2015a). In recent years, such datasets have become
more openly available which provides new opportunities for their
usage. With this thesis, such hazard information and weather forecasts
Is coupled with an event-based impact model to arrive at an
understanding of the risk used for decisions in risk reduction of
“unpredictable” weather extremes.

The structure of the thesis is as follows: Section 1.2 will present the
aim and focus of this thesis and introduce the four publications
(chapters 2, 3, 4 and 5) that form the core of this thesis. The following
sections of the introduction provide the necessary scientific
background regarding winter windstorms (section 1.3), socio-
economic impact data (section 1.4), risk assessment and impact
modelling (section 1.5) as well as pertinent to decision-making support
for managing risks (section 1.6). Next follow the already mentioned
core chapters 2-5. The synthesis (chapter 6) puts the achievements of
the core chapters in context and provides a broader view on
uncertainties and other overarching topics. The synthesis chapter ends
with an outlook and is followed by the main conclusions (chapter 7).

1.2 Aim and focus of this thesis

The general aim of this thesis is to understand the socio-economic
impacts of winter windstorms and to support decision-makers with
straightforward information about these impacts to answer questions
about risk reduction management.

To this end, the thesis covers winter windstorms and their impacts at
three different points in time in relation to an actual event. Directly after
an event, new information regarding socio-economic impacts usually
becomes available, which allows to deduce learnings for the future
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handling of such events. Between events, research might generate new
and deepened knowledge and it should be used to create new or update
previous risk assessments. Prior to an event, there is a preparation
window, when a storm event is forecasted to happen. In this window,
estimation of the location and severity of the expected impacts are
needed to support preventive decisions.

The results of the thesis are of interest to a wide range of stakeholders
such as meteorological experts and risk assessment experts, but
towards decision-makers of varying backgrounds. It sets technical
standards for decision-support tools and provides scientific and applied
learnings in this interdisciplinary field.

More specifically, four aims guide this thesis:

1. Contribute to a better understanding of the socio-economic
Impacts of winter windstorms and the severity of individual
events.

2. Evaluate intensity estimates of historical and synthetic winter
windstorm events in publicly available datasets.

3. Evaluate the risk assessment of building damages from winter
windstorms based on a claims-based perspective and a
probabilistic risk modelling approach and form an understanding
of the associated uncertainty.

4. Build an impact forecasting system for building damages in
Switzerland deployed as a semi-operational prototype and assess
the skill with insurance claims data.

The core of this thesis consists of four publications that deal with
different aspects of socio-economic impacts of winter windstorms in
the alpine region.

1.2.1 The impact of the winter windstorm Burglind/Eleanor
(chapter 2)

Scherrer S., Salamin C., Weusthoff T., Kaufmann P., Bader S., Roosli T.,
Aemisegger N., Gut M., 2018: Der Wintersturm Burglind/Eleanor in der
Schweiz, Fachbericht MeteoSchweiz, 268, 35 pp.

The first aim of this thesis, namely to contribute to a better
understanding of the socio-economic impacts of winter windstorms,
was addressed by a technical report of MeteoSwiss about the winter
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windstorm Burglind/Eleanor (3 January 2018), for which the author of
this thesis provided a chapter about the socio-economic impacts
(Scherrer et al., 2018). The chapter followed the general structure and
format of a report about the impacts of winter windstorm Lothar in
1999 (WSL & BUWAL, 2001). The work consisted of a collection of
Impact data from several Swiss-wide organisations and federal offices,
which gather impact data in Switzerland as part of their operations. The
severity of the socio-economic impact of Burglind/Eleanor was
guantitatively and qualitatively assessed and compared to previous
severe winter windstorm events Lothar (26 December 1999) and
Vivian (25 February 1990).

Next to the assessment of the socio-economic impacts, the report
informs about the synoptical weather situation, the prognosis and
warnings of the event, the verification of the prognosis and models, the
climatological classification and the communication of MeteoSwiss.
Based on this report MeteoSwiss and other affected organisations can
deduce learnings for the handling of future events.

1.2.2 Comparison of existing event sets (chapter 3)

Ro6sli T., Bresch DN., Wiest M. 2018.A comparison of the WISC events sets
with both industry and research data. WISC Summary Report of Task 5.3 -
ETH / Swiss Re Case Study. Available at
https://wisc.climate.copernicus.eu/wisc/#/help/products#casestudies_section
(accessed May 3, 2021).

The second aim, to evaluate intensity estimates of historical and
synthetic winter windstorm events in publicly available datasets, was
addressed with a technical report about the open-access winter
windstorm datasets was devised together with the reinsurer Swiss Re
(ROOsli et al., 2018). The Windstorm Information ServiCe (a C3S
Sectoral Information Service project, WISC, 2018) produced two new
datasets for the intensity of wind storm events in a historical event set
and probabilistic event set. To compare the datasets, the storm severity
index (Hamish Steptoe, 2017) was used, that is a simple metric for the
severity of a storm using only its intensity and affected area. A
comparison with industry and research data showed that the historical
dataset provided by WISC is an important contribution of a high-
resolution dataset spanning a long period of 75 years. Future users of
the open-access dataset can use this analysis to build trust that the

4



historical event set represents the necessary characteristics of severe
winter windstorms. The probabilistic dataset published by WISC on the
other hand contained storms with smaller affected areas than in any
other dataset and the use of it for risk assessment was cautioned. This
finding directly motivated the development of the probabilistic dataset
presented in chapter 4.

1.2.3 Risk assessment of winter windstorms (chapter 4)

Welker C., R66sli T., Bresch DN. 2021. Comparing an insurer’s perspective on
building damages with modelled damages from pan-European winter
windstorm event sets: a case study from Zurich, Switzerland. Natural Hazards
and Earth System Sciences 21:279-299.

The third aim, to evaluate the risk assessment of building damages from
winter windstorms based on a claims-based perspective and a
probabilistic risk modelling approach and form an understanding of the
associated uncertainty, was addressed in a collaborative scientific
publication together with GVZ, the public building insurer of the
canton of Zurich, Switzerland (Welker et al., 2021). The author of this
thesis and Christoph Welker equally contributed as first authors to this
study. They present a proprietary and an open-source implementation
of an impact model for winter windstorms in Europe. The impact model
simulates severity of the impacts and the resulting risk as a function of
hazard, exposure, and vulnerability (see section 1.5.1). The modelled
average annual impact and impact of a 250-year event based on historic
and probabilistic event sets are compared with estimates based on
building damage records of an insurance claims database. The source
and range of uncertainty were assessed for the different datasets and it
was shown that impact modelling provides a more robust and less
uncertain perspective on remote risks like the 250-year event damage
compared to statistical analysis of claims data.

This work also resulted in an open-source code of the methodology
(R60sli et al., 2021b) and an open-access dataset of probabilistic winter
windstorm events (R66sli & Bresch, 2020), and the StormEurope
module in CLIMADA (Aznar-Siguan et al., 2021):

Roosli, T, Welker, C., Bresch, D.N., 2021.
ThomasRoosli/climada_papers_winter_windstorms_model: Winter windstorm
model. Zenodo. https://doi.org/10.5281/zenodo.4442602
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Roosli, T., Bresch, D.N., 2020. Probabilistic Windstorm Hazard Event Set for
Europe. https://doi.org/10.3929/ethz-b-000406567

1.2.4 Impact forecasting system (chapter 5)

Roosli T., Appenzeller C., Bresch DN. 2021. Revised version published as:
Towards operational impact forecasting of building damage from winter
windstorms in Switzerland. Meteorological Applications 28:e2035.

The fourth aim of this thesis, to build and evaluate an impact
forecasting system for building damages in Switzerland, was addressed
with a paper about the development of an impact forecasting system
(R60sli et al., 2021a). The impact forecast uses the weather forecast of
MeteoSwiss as hazard data within the impact model presented in
chapter 4. The forecasting system forecasts building damages with a
lead time of two days on a regular spatial grid at a resolution of 500
meters for the whole of Switzerland. The study showed that the
forecasted building damages for severe winter windstorm events
compare reasonably well with insurance claims data, but less so for
thunderstorms and foehn storms. The methodology is directly
applicable to support decisions making processes around aggregated
Impacts, but might be misunderstood when used as a warning to
individuals of the public. The results allow a discussion about the role
of impact forecasting for the aim of national meteorological services to
incorporate possible impacts in their warnings.

This work also resulted in an open-source code of the methodology
(R60sli, 2021) and the Forecast module in CLIMADA (Aznar-Siguan
et al., 2021):

Roosli T. 2021. ThomasRoosli/climada_papers_building_damage_forecast.
Zenodo. https://doi.org/10.5281/zenod0.4659030

1.2.5 Other publications

One more publication originated from the work on this thesis, but it is
not included in the text. The publication documents a globally
consistent asset exposure dataset named LitPop. It uses gridded
population data and nightlight intensity to arrive at an estimation of
asset values on a global high-resolution 500-meter grid (Eberenz et al.,
2020). The author of this thesis contributed to code development, the
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evaluation and visualisation of results and helped the main author with
the preparation of the manuscript. The asset exposure data was used in
chapters 4 and 5. A precursor of this dataset was also used in chapter
3.

Before the four presented studies are reprinted in chapters 2-5, more
background is presented about the meteorological phenomenon winter
windstorms (section 1.3), data about socio-economic impacts of
extreme weather events (section 1.4) and the risk assessment and
impact modelling framework used in this thesis (section 1.5) before
providing select background on decision support for risk assessments,
forecasts and warnings (section 1.6).

1.3 Winter windstorms

This thesis investigates winter windstorms as one example of several
weather phenomena that cause socio-economic impacts. This choice is
not by coincidence: Winter windstorms cause the highest economic
Impact per event of any weather-related hazard in Europe as well as in
Switzerland. Other weather-related hazards with high socio-economic
Impacts are thunderstorms, hail, heavy rain and floods, frost, snowfall
and avalanches, heatwaves and drought. Many findings of this thesis
are directly transferable to other hazards as discussed in chapter 6.5.

As meteorological phenomena, winter windstorms are extratropical
cyclones. Their development and evolution is well described in the
literature as for example summarised in the Erik Palmén Memorial
Volume on extratropical cyclones (see Shapiro and Keyser, 1990).
Hewson and Neu (2015) sketch a conceptual model to describe high
wind speed zones associated with these severe winter windstorms.
They start from a wave feature at the boundary of polar colder air
masses and warmer air masses at the mid-latitudes (Hewson & Titley,
2010). This is illustrated in panel (b) of Figure 1. An interaction of this
wave feature with pronounced upper level trough or jet can result in the
development of a cyclone. If such cyclones produce high surface gusts
as they move over land, high measured wind gusts occur in elongated
zones along their track and leave behind high damages, called gust
footprints and damage footprints respectively (Hewson & Neu, 2015).
Schematically, three different windstorm zones can be identified in
such winter windstorms: the warm jet (width: 200-500km, length: 1000
km, duration 24-48 hours), the sting jet (width: 20-200km, length: 800
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km, duration 1-12 hours) and the cold jet (width: 100-800km, length:
2500 km, duration 12-36 hours)(Hewson & Neu, 2015). The zones are
illustrated in panel (a) of Figure 1. In the real world, the winter
windstorms can have a huge variety in their structure and can exhibit
one, two or all of these windstorm zones. For most winter windstorms,
the damages can be largely attributed to one of these three zones
(Hewson & Neu, 2015). This variety leads to different spatial extents
of the footprints for different events and leads to differences how well
events can be represented in weather models (more on weather models
in section 1.3.2).
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Figure 1 Conceptual model of extreme winter windstorms. Figure and caption are
reproduced from Hewson and Neu (2015): “Panel (a) shows the cyclone track (black), with
spots denoting positions equally separated in time, and numbered according to the cyclone
life-cycle phases in panel (b). Spot colour relates to the identification method and objective
typing used in Hewson and Titley (2010), green being a diminutive frontal wave, orange a
frontal wave cyclone, and black a barotropic low. Shading denotes the footprints, or nominal
damage swathes, attributable to the warm jet/warm conveyor (yellow), the cold jet/cold
conveyor (orange) and the sting jet (red). Panel (b) shows the synoptic-scale evolution of
fronts and isobars around the cyclone, after Hewson and Titley (2010) and Shapiro and
Keyser (1990), with added letters denoting relative locations of the strong wind features,
and brackets indicating marginal existence. Panel (c) denotes the temporal evolution of gust
strength for each jet zone, with numbers cross-referencing phases on panel (b). On each
panel, a dashed blue line denotes the period of most rapid deepening, whilst the solid blue
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arrow shows the time of maximum depth. This conceptual model should be considered to
be very malleable; for example most intense cyclones will have only one or two of the three
strong wind footprints associated.” Figure reproduced under the terms of the Creative
Commons Attribution 4.0 International License
(http.//creativecommons.org/licenses/by/4.0/).

Other weather phenomena can cause high wind speeds. In Switzerland,
these are namely thunderstorms and foehn storms. The “Bise”, a cold
easterly wind, is not as gusty and thus is not as damaging (Wanner &
Furger, 1990). There are also localized weather phenomena with strong
winds as for example “Joran” along the Jura mountain chain (Etienne
& Beniston, 2012) and “Laseyer” in the canton Appenzell (Sprenger et
al., 2018), which were not investigated for this thesis.

In section 1.3.1, the most important winter windstorm events, based on
their socio-economic impact are listed. The meteorological data used
in this thesis are introduced in section 1.3.2 and a small excursus on
winter windstorms under climate change can be found in section 1.3.3.

1.3.1 Damaging storms in Switzerland and Europe

Winter windstorms occur several times each winter. At the same time,
extreme winter windstorms with widespread socio-economic impacts
are more rare and a single location in central Europe is only affected a
few times per decade. Winter windstorms don’t occur independently of
each other and can form clusters with several events taking place
shortly after one another (Karremann et al., 2014; Priestley et al.,
2018). Winter windstorms are the costliest natural hazard in Europe, in
the past 50 years the three events with the highest insured damages in
Europe were the winter windstorm events Daria 1990, Lothar 1999 and
Kyrill 2007, with insured damages between 7.1 and 8.6 billion USD
each (Swiss Re, 2017).

Storm Lothar was the strongest storm hitting Switzerland in the past
several decades. The impacts in Switzerland included 14 people killed
directly and 15 people killed during recovery activities, over 600
Million CHF in building damages, forest damage of more than 4 times
an annual harvest and many widespread disruptions in traffic and
electricity (WSL & BUWAL, 2001). Lothar was most certainly the
most damaging storm in the last century (chapter 4 and Stucki et al.,
2014). More details about the socio-economic impacts of the severest



winter windstorm since, Burglind/Eleanor 2018, can be found in
chapter 2.

Measured by building damage, storms are responsible for a third of all
damages caused by natural hazards in Switzerland, closely followed by
flood and hail. Snow, avalanches and mass movements each contribute
below 5% to the total building damages caused by natural hazards
(numbers from 2010-2019, VKG, 2021).

1.3.2 Representation in various meteorological datasets

There is a multitude of meteorological data that describe the state of
the atmosphere and of course the footprints of winter windstorms are
also represented in these data. Here follows an overview how winter
windstorms and especially the damage-causing gust speeds are
represented in different types of meteorological datasets, such as in
measurements and weather models. By design, this thesis uses the
meteorological data as input to its impact model and did not aim at
further developing or calibrating meteorological datasets. It is
important to understand the properties of this data to discuss the
attributed uncertainties in the context of the resulting risk assessment.
The following paragraphs were written with a user of risk assessment
results and decision support tools in mind who by no means needs to
be an expert in the field of meteorology.

Measurements

Weather stations measure several meteorological parameters,
preferably based on guidelines of the World Meteorological
Organisation (WMO; World Meteorological Organization, 2018). One
of them is the wind speed. These measurements are normally
aggregated over a specific time period. The wind speed or “mean wind”
Is @ 10 minute average of all measurements within that time period
(WMO, 2018). A second important metric is the gust speed. The gust
corresponds to the highest three second average of the measured wind
speeds within a time period, for example ten minutes, one hour or a day
(WMO, 2018). The gust speed is important for socio-economic impacts
of the winter windstorm, as it best reflects the occasionally strong force
exerted. As mentioned above, the representation of the maximum gust
speed at each measurement station for the duration of one winter
windstorm event is referred to as its footprint (Hewson & Neu, 2015).
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Such measured footprints are used in the rapid damage estimation
featured in chapter 4.

Weather and climate models

Numerical weather and climate models contain a modelled version of
the state of the atmosphere structured on a horizontal grid at several
vertical layers. For each grid point and each level there is a
representation of the relevant meteorological parameters: temperature,
pressure, humidity and wind speed and direction —among many others.
Based on the physical understanding of atmospheric processes the
models simulate the next state of the atmosphere based on the previous
state. By doing this repeatedly, the physical state of the atmosphere
over a specified time period is modelled (Steppeler et al., 2003). The
mean wind at the surface level is a direct output from these models, as
it corresponds to the transport vectors used in the model simulations.
The gust on the other hand is a derived quantity, which needs to be
specifically generated (more details below in Gust parameterisation).
There are several possible modes of running a weather model, three of
which will be summarized in the following paragraphs. They are
differentiated by their purpose and consequently by how they make use
of observational weather data. Traditionally, the geographical and
temporal scales to which such models were applied were closely linked
to the desired purpose of these modes. With increasing computational
power, the geographical and temporal scales as well as the resolution
started to overlap between the modes and now only provide a rough
differentiation.

Climate general circulation models are initiated and guided by a few
environmental factors including sea surface temperature or the
concentration of greenhouse gases (Gettelman & Rood, 2016). Climate
model runs do not consider observational weather data and only the
atmospheric processes define the next state of the atmosphere As a
result the model simulates artificial weather events that are typical for
the climate defined by the given environmental factors. This
methodology is most commonly used to study future climate states of
the whole climate system on global geographical and up to century-
long time scales based on e.g. prescribed pathways of greenhouse gas
concentrations. Running such models repeatedly for today’s climate
can create datasets of many model years and allows us to study rare
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events (Mizielinski et al., 2014). The probabilistic dataset studied in
chapter 3 is generated from climate model output.

For the best possible representation of past events, weather models are
run in what is called the reanalysis mode (Compo et al., 2011). During
such a reanalysis model run, the modelled states of the atmosphere are
routinely adjusted towards all available corresponding observations for
that particular time. The resulting representations of the atmosphere are
called reanalysis data sets and normally span decadal timescales. A key
advantage is that the numerical model itself is not changing for the
entire period. The gust footprints of these reanalysis products have the
advantage to be structured on a regular grid, compared to footprints
based on meteorological ground measurements with varying and
potentially low spatial resolution. There is often higher uncertainty in
the gust footprints of weather models than in measured data, because it
includes additional model uncertainty (Donat et al., 2010; Stucki et al.,
2016). Of course, there are also uncertainties in measurements,
especially if individual measurements are aggregated and processed
into a gridded dataset (Zumwald et al., 2020). One example of the
uncertainty in reanalysis models are resolution-related limitations to
resolve the most damaging phase in the lifecycle of a winter windstorm
(Hewson & Neu, 2015). In the context of this thesis, the reanalysis data
of the products ERA Interim (Dee et al., 2011) and ERA 20C (Poli et
al., 2016) were the foundation of the footprints of the historical events
in chapter 3 and 4.

For the forecast of events in the near future, weather models are run in
forecast mode. As a start, observations are used to create an initial
modelled state of the atmosphere that is representing the current state
of the atmosphere as well as possible (Schraff et al., 2016). Afterwards
the model makes use of the governing equations of the atmospheric
processes as mentioned above to model future states of the atmosphere.
This process is also called numerical weather prediction (NWP) and is
normally applied for global or regional scales and over time scales of
days to weeks. These forecasts are uncertain because of insufficient
knowledge of the initial state (Lorenz, 1963) and insufficient
understanding of the physical processes, as well as insufficient
representation of these processes in the numerical model (Palmer,
2000). To represent these uncertainties, forecast models are regularly
run in ensemble mode with many ensemble members representing
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varying but possible states of the atmosphere at any future time point.
This is achieved by firstly perturbing the initial state of the individual
members to represent measurement errors and other uncertainties.
Secondly, the processes of the model are perturbed to represent the
uncertainty in the knowledge and in the representation of these
processes (Palmer et al., 1990; Palmer, 2000). A better representation
of these uncertainties could always be achieved with more ensemble
members or higher numerical, spatial or temporal resolution, but
providers of weather model data have to economize their limited
resources. The ensemble forecast model used at MeteoSwiss as the
foundation of the weather forecasts in Switzerland is the IFS-ENS
(Integrated Forecasting System—ENSemble) model of the European
Centre for Medium-Range Weather Forecasts (ECMWEF, 2021), run at
18 km grid resolution. To provide a forecast at higher resolution,
MeteoSwiss uses an additional weather model to downscale mentioned
lower-resolution weather forecast model. The Consortium for Small-
scale Modeling (COSMO) model is a limited-area atmospheric model,
meaning it does not cover the globe, but only a much smaller area in
higher resolution (COSMO, 2020). COSMO uses the forecasts of the
IFS-ENS model as boundary conditions for all processes concerning
the edges of the covered area. Currently MeteoSwiss runs the COSMO
model in ensemble mode with 2.2 km (COSMO-2E) and 1.1 km grid
resolution (MeteoSwiss, 2020). The COSMO model also uses
perturbations in initial conditions and physical processes to represent
the uncertainty of the weather forecast. Chapter 5 is based on wind gust
footprints derived from the MeteoSwiss COSMO-2E model forecast
(MeteoSwiss, 2020).

Starting from reanalysis or climate model output, higher resolution is
achieved by downscaling. In dynamical downscaling, a higher
resolution weather model is nested inside a lower resolution model (as
described above). The historical gust footprints in chapter 3 are
produced with the UK Met Office Unified Model (Davies et al., 2005)
nested into the ERA-Interim and ERA-20C reanalysis data. Another
method to downscale reanalysis data is statistical downscaling. It uses
statistical relationships inferred between the grid points of the lower
resolution model and any other set of points, e.g. the grid points of a
grid with higher resolution or observations. It was used to create the
synthetic event set of the WISC project analysed in chapter 3. The
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statistical downscaling can only partially reduce the problem of
resolution-related limitations of weather models mentioned by Hewson
and Neu (2015).

Gust parameterisation

Most analyses in this thesis are in principle based on gust footprints
from weather models. As all these datasets are dependent on the gust
parameterisation to derive the gust speed, it is worth to quickly
summarize that step. Statistical gust parameterisation infers gust speed
from other model parameters by means of a formula. This formula is
then fitted to observational data. The simplest from of such a formula
Is provided by (1), where the gust speed is only dependent on the mean
wind and a constant scaling factor o (Agustsson & Olafsson, 2004).
Such statistical gust parametrisation formulas can also be dependent on
other model parameters describing the turbulence or surface roughness
(Born et al., 2012; Stucki et al., 2016).

gust = «<x mean wind (2)

There is also the possibility of a physical parameterisation of gust speed
as suggested by Brasseur (2001). This method is based on the physical
consideration that gusts “originate from air parcels flowing at higher
levels in the boundary layer that are deflected downward to the surface”
(Brasseur, 2001). The algorithm considers the turbulent Kinetic energy
and the buoyancy forces to decide which wind speed from higher levels
can reach the surface. One interesting assumption is that surface
roughness, the influence of surface disturbances and the impact of
buildings does not influence the gust speed, even though they are
known to influence the mean wind (Brasseur, 2001).

In a comparison between different gust parameterizations over
Switzerland, Stucki et al., (2016) found little difference between
different gust parameterizations and they argue that the biases in mean
wind dominate the model skill of representing gusts.

Regarding chapter 5, the current COSMO model setup at MeteoSwiss
uses a mixture between the physical model suggested by Brasseur
(2001) and a statistical model for gust parameterisation. For mean
winds larger than 25 m/s only a statistical parameterisation is used
(Heim, 2018). The historic gust footprints provided by WISC uses the
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UK MetOffice Unified model (Davies et al., 2005) with no further
specification on the gust parameterisation on public record. So it is not
clear what gust parameterisation was used to create the footprints in
chapter 3.

Storm Severity Index

In addition to the detailed geographical representation of a winter
storm, for applications auch as to classify events, more aggregate
measures are appropriate. A storm severity index (SSI) or storminess
index is an indication for the severity of a storm event. It only relies on
meteorological data like the gust footprint of an event. This only
provides a proxy for the severity of socio-economic impacts assessed
with impact models (section 1.5.1). Mostly such indices use the gust
speed or the affected area as a metric (Lamb & Frydendahl, 1991;
Klawa & Ulbrich, 2003; Dawkins et al., 2016).

In chapter 3 of this thesis, the SSI of the WISC project is used (Hamish
Steptoe, 2017; WISC, 2018). It is very similar to the SSI proposed by
Lamb and Frydendahl (1991). The SSI is based on two elements

derived from the gust footprint: the affected area A (vmax > 25%)

referring to the land area where the maximum gust speed exceeds a 25
m/s threshold (Equation (2)), and the cube of the average of all
maximum gust speed in the affected area (Equation (3)). The SSlI is the
product of those two numbers and is defined for each storm event
(Equation (4)).

m
af fected area = A (vmax > 25 ?) (2)

3
m
gust speed? = (mean (vmax inA (vmax > 25 ?)>) 3

SSI = affected area * gust speed? (4)

1.3.3 Climate change

Anthropogenic climate change is happening and a changing climate
will generally lead to changes in the characteristics of extreme weather
events (IPCC, 2012). Many studies were conducted so far regarding
European winter windstorms and climate change with overall
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inconclusive results (Vautard et al., 2019). Vautard et al. (2019)
summarized the contrast between observed trends and changes in
climate projections: There is a decreasing trend of storminess indices
in observations or reanalysis (Smits et al., 2005; Wever, 2012; Dawkins
et al., 2016). On the other hand, some model studies project a slight
increase in extreme wind speeds for the future under climate change
(Ulbrich et al., 2009; Vautard et al., 2014; Molter et al., 2016). But
overall there is lacking model consensus for direction of change due to
climate change, as summarized in Catto et al. (2019). Despite the
uncertainty, Donat et al. (2011) showed that using a simple impact
model to calculate the annual loss ratio driven by several global and
region climate model projections, an increase of 25% in winter storm
losses in Germany could result by the end of the 21% century.
Burglind/Eleanor, the most recent severe winter windstorm event to
affect Switzerland, cannot be attributed to climate change (Vautard et
al., 2019).

Climate change is an important topic to have in mind when thinking
about impacts of weather events (Schwierz et al., 2010). Nevertheless,
the main chapters do not further take climate change into account. For
chapters 2 and 5, the questions about climate change were out of scope
as the focus of the studies were recent events. For chapter 3 and 4, an
open-access dataset for winter windstorm events under climate change
was missing at the time of publication.

1.4 Impact data

Winter windstorms are not only represented in meteorological data as
introduced above, also socio-economic impacts are gathered and
recorded in datasets. In some cases, socio-economic impact data are
gathered specifically for the purpose to document the winter windstorm
event. Often the data are gathered as part of operational data of an
organisation, and documentation of socio-economic impacts can profit
from data that is collected routinely for other purposes. This section
provides an overview of the different involved parties and the possible
datasets.

Regarding physical damage to property, one of the most extensive and
systematic effort in collecting impact data takes place in the insurance
industry. The operational process of an (re)insurance company involves
damage assessments in order to properly pay claims and keeping a
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record of past damages to determine a sustainable price for the
insurance product. These claims datasets are normally not shared
publicly to restrict access of competitors (Hauge et al., 2018). There
are some insurance industry platforms that share aggregated impact
data publicly: NatCatService of the reinsurance company Munich Re
(Munich Re, 2011), Sigma studies and CatNet service of the
reinsurance company Swiss Re (Swiss Re, 2017, 2021a) and the public
excerpts of the Industry Exposure and Loss Database by the company
PERILS (PERILS AG, 2021). These claims datasets, especially in non-
aggregated form, are prone to uncertainties and inaccuracies (Guha-
Sapir & Below, 2002; Imhof, 2011). According to Imhof (2011) claims
can e.g. be assigned to an incorrect date, due to errors in the data entry
or lack of knowledge. The causing hazard can be hard to determine if
several hazard types are involved — or in case the place of damage is
far from any measurement site. Finally, the sum of the damage is hard
to exactly assess and can include removal and cleaning cost, next to the
replacement value or present value or the damage (Imhof, 2011).

Some governmental offices or non-governmental organizations gather
impact data relevant to winter windstorms. Regarding physical damage
in forests, the Federal Office for the Environment (FOEN) publishes a
yearly report about forest use including information about felled wood
after large storm events (BAFU, 2021a). After the destructive event
Lothar in 1999, FOEN published a report containing an extensive
collection of the socio-economic impacts of the winter windstorm split
up to several sectors, but such a concise and multidimensional is very
rare (WSL & BUWAL, 2001). The structure of the report on Lothar
inspired the collection of the impacts of storm Burglind/Eleanor in
chapter 2.

During the experience of gathering socio-economic impact data for
chapter 2, the author of this thesis experienced that service providers,
railroad providers, electricity providers, etc., often possess information
about interruption of their services. This information is normally not
shared publicly and may or may not be available upon request.
Additionally, a lot of impact data is shared as press releases of
individual organizations or researched and then gathered by journalists.
This renders newspapers a very important source of impact data.

It is worth mentioning the free database EM-DAT (Guha-Sapir
Debarati, 2021), that gathers impact data on disasters globally. It is the
17



most cited impact database (De Groeve et al., 2013). It gathers the
information on most global disasters based from newspaper articles,
and governmental and non-governmental reports and provides the most
complete global perspective (Shen & Hwang, 2019). EM-DAT also
gathers data on number of affected or injured people or the death toll.
This information exposes another source of uncertainty of impact data,
they are politically sensitive as high death tolls can point to e.g.,
inefficient state infrastructure or social inequalities (Guha-Sapir &
Checchi, 2018). EM-DAT was not used in this thesis as more granular
datasets were available in the specific case of Switzerland.

All in all impact data remain scarce and the uncertainty through non-
standardized definitions and the issues of incomplete records and
coverage in general are considerably big (De Groeve et al., 2013). The
scarcity of data adds to the rareness of the events itself and has to be
considered in risk assessments and resulting decision-making support.
To reduce such shortcomings in the future, there are initiatives in
Europe and globally to gather impact data more broadly and
systematically (JRC EU expert working group on disaster damage and
loss data, 2015). One example is the project CESARE in Austria that
aims to combine different governmental impact datasets (CESARE,
2019).

1.5 Risk assessment and impact modelling

Risk is “the effect of uncertainty on objectives”, a positive or negative
deviation from what is expected (International Standards Organization,
2009). In the context of natural hazards, the “deviation from what is
expected” are the socio-economic impacts of the hazard. It is important
that the hazard itself is not enough to constitute a risk; the hazard needs
to interact with the socio-economic dimension (the “objectives™) in
some way to create a risk. In natural hazard risks, the uncertainty often
refers to the probability of the occurrence of the hazard and
consequently, the probability of the resulting impacts.

Risk management all activities around prevention, mitigation,
preparedness, response, recovery and rehabilitation with the goal to be
resistant, able to recover and able to adapt (PLANAT, 2018).
Understanding disaster risk is one priority in risk management
(UNISDR, 2015). One important part of understanding is the
quantification of the risk, often referred to as risk assessment (Mitchell-
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Wallace, 2017). This risk assessment can be done based on past impacts
and their experienced frequency, this is partly featured in chapter 4.
Another way of assessing the risk is using impact modelling. It models
the adverse outcomes based on the intensity of hazard events and uses
the frequency of the hazard events for the risk assessment. The impact
model features prominently in chapters 4 and 5 of the thesis.

In section 1.5.1 the basics of such impact models are summarized. In
section 1.5.2 probabilistic hazard event sets that can be used instead of
historic event sets are introduced. In section 1.5.3, the current use of
impact modelling for building damages due to winter windstorms in
the scientific literature is presented.

1.9.1 Impact modelling

The risk of natural hazards can be modelled as a combination of hazard,
exposure, and vulnerability (IPCC, 2012; Mitchell-Wallace, 2017
Aznar-Siguan & Bresch, 2019). This concept is widely used, in the
following, the particular formulation by Aznar-Siguan and Bresch
(2019) will be used. Hazard refers to a spatial representation of a
natural hazard, e.g., as the gust footprints introduced in section 1.3.2
including an indication of the associated probability. The socio-
economic elements at risk from that hazard, like property, people or
service infrastructure are represented in the exposure. The relationship
between the hazard intensity, e.g. the gust speed, and a degree of impact
is specified in the vulnerability information. In impact models used for
this thesis, the vulnerability component is represented by impact
functions.

In Aznar-Siguan and Bresch (2019), risk is defined as a convolution of
probability and severity as specified in Equation (5). Severity is
referring to some measure of the socio-economic impact.

risk = probability x severity (5)

The probability is a property of the hazard and can for example be
inferred from the observed frequency or the probability outputted from
the hazard model. The severity can be formulated as a function of
hazard intensity, exposure and vulnerability (Equation (6), Aznar-
Siguan and Bresch, 2019).
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severity (6)
= F(hazard intensity, exposure, vulnerability)

In the risk assessment platform CLIMADA, a python implementation
of such an impact model, the severity at each point of exposure can be
formulated more explicitly (Equation (7) with the vulnerability
expressed as an impact function (Aznar-Siguan & Bresch, 2019).

severity = exposure * fim,(hazard intensity) (7)

CLIMADA’s risk and severity are spatially explicit and event-based
(Aznar-Siguan & Bresch, 2019). The exposure is defined as a set of
point exposures, each point with an associated value or other metric of
the exposure. The exposure can thus represent a regular grid with an
associated value per grid point or an irregularly located set of points.
Equation (7) is applied to each exposure point and each event resulting
in a matrix of severities. Using the probability of the events this matrix
can be summarized in different risk metrics (Aznar-Siguan & Bresch,
2019).

The expected annual impact per exposure point is a metric for the risk
at every analysed location. It highlights the difference in the risk
between different exposure points (Aznar-Siguan & Bresch, 2019).
These differences can originate from different hazard intensities,
different values at risk from the exposure, different vulnerability or a
mixture thereof.

The average annual impact aggregates the expected annual impact over
all single events and exposure points and is a metric for the aggregated
risk (Aznar-Siguan & Bresch, 2019). This metric is often used in risk
assessments. By aggregating the severities per exposure point for one
specific event the aggregated impact of each event can be analysed.
Using the probability information of each event, the return period for
exceeding a certain aggregated impact can be calculated (Aznar-Siguan
& Bresch, 2019). This technic is used to define the probable maximum
impact to inform risk management. The probable maximum impact is
often defined as the impact of a certain return period, e.g., 250 years
(Aznar-Siguan & Bresch, 2019).

In chapter 5, CLIMADA is used to forecast building damages due to
winter windstorm. For this endeavour, the risk framework of
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CLIMADA is adapted to the specifications of forecasts. Gust footprints
of weather forecasts are used as hazard component (see section 1.3.2).
The probability now no longer represents an annual frequency but the
probability of occurrence. For ensemble forecasts, all ensemble
members have the same probability and the sum of all probabilities are
equal to one. Similarly to above, an expected impact per exposure point
can be calculated for the risk of an upcoming event at every location.
An average impact which aggregates the risk per exposure point to a
total risk metric can be calculated contains a weighted average of all
the different representations of one event in the near future. Of course,
the basis of these calculations is still a matrix of severities at each
location and for each ensemble member of this event. The severities of
each ensemble member are ready for individual analysis to focus on the
median or on a worst case scenario. It would also be possible to apply
a more sophisticated method to fit a distribution to the ensemble
members for further analysis.

1.5.2 Probabilistic approaches — excursus on statistical perturbation

Next to the quantifying the severity of the impact, the quantification of
the probability is an important part of the risk assessment. The
probability can be defined as the experienced frequency of historic
events, either of recorded impacts or of modelled impacts (chapter 3).
For defining the probable maximum impact, the experienced time
period is often too short and the information has to be extrapolated to
estimate the probable maximum impact (more in chapter 3).
Probabilistic approaches help to achieve a more comprehensive view
on the probable maximum impact.

To achieve a probabilistic and event-based view on the full spectrum
of probability and severity, including the probable maximum impact,
several methodologies can be used. Climate models can be run for
many model years based on the current climate to produce probable
weather events for risk assessment (Mizielinski et al., 2014). This
approach was used to create the synthetic event set of the WISC project
analysed in chapter 3. Also, the events created from seasonal forecast
models run in ensemble mode can be interpreted as independent and
thus constitute a probabilistic set (Della-Marta et al., 2010; Walz &
Leckebusch, 2019). For details on forecast models run in ensemble
mode, see section 1.3.2. The advantage of using model output for
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probabilistic events is the creation of truly independent and physically
consistent unexperienced events (Walz & Leckebusch, 2019). On the
other hand there are model uncertainties and problems with biases
(Donat et al., 2010). Additionally, the lack of events in the hazard set
that were actually experienced by stakeholders and decision-makers
can lead to a smaller identification with the impact model results and
thus a reduced uptake of the resulting risk assessment for decision-
making (Hayes et al., 2018).

Another option to create a probabilistic and event-based view on the
probable maximum impact is the use of statistical perturbation to create
unexperienced events based on historical events (Schwierz et al.,
2010). This approach has the advantage that it can be applied on the
existing historical event set in a straightforward fashion. This means
that firstly, this approach does not rely on the development on another
open-access probabilistic dataset and secondly the basis of the
probabilistic storms are recognizable events that might increase the
uptake of the resulting risk assessment by decision-makers. Statistical
perturbation was used in chapter 4 to create a new probabilistic event
set.

1.9.3 Modelling building damages

The process leading to damage to buildings from an engineering point
of view was summarized in a report by the Préventionsstiftung
kantonaler Gebdudeversicherungen in Switzerland (Weidmann, 2010).
Especially the pressure and suction forces associated with wind gusts
lead to damage at roofs etc. of buildings. These are very localized,
small-scale processes. Storm phenomena in Switzerland creating
strong enough to cause relevant damage are mainly winter windstorms
and thunderstorms (Weidmann, 2010). Storm damages of winter
windstorms are mostly minor per building (around 2000 CHF) and
reach their large total damages by affecting many buildings over vast
areas (Imhof, 2011). Differences between winter windstorm events
mostly lie in the number of affected buildings, while the average
damage per building does not vary as much (Imhof, 2011).

Impact models for building damage due to European winter
windstorms are used in the insurance and reinsurance industry, but are
scarce in the open domain. Examples of openly shared implementations
of such impact models are very rare and include Koks and Haer (2020)
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and CLIMADA (Aznar-Siguan & Bresch, 2019) as further developed
and used in this thesis. Another open-source impact model, the OASIS
loss modelling platform, can readily make use of Copernicus WISC
data on the hazard side, yet corresponding exposure and impact
functions are not implemented (Hayes et al., 2018). In other scientific
studies, impact models of building damages have been used to assess
the current risk of winter windstorms in Europe (Donat et al., 2011b;
Walz & Leckebusch, 2019) or the future risk (Schwierz et al., 2010;
Donat et al., 2011a).

There are a few publications on adequate impact functions for building
damages due to winter windstorms. Schwierz et al. (2010) used and
published an impact function from an insurance industry model, that
was used in several further studies (Della-Marta et al., 2010; Stucki et
al., 2015; Welker et al., 2016; Walz & Leckebusch, 2019), and also for
this thesis. Prahl et al. (2015) compared the performance of four
regularly used parameterizations of such impact functions, that need to
be statistically fitted to observed loss ratios, instead to an absolute value
of impact. Depending on the targeted risk metric (extreme events,
moderate events, spatial variability) different impact function
parameterizations performed best. There is dependence on the
distribution of the gust speeds originating from the hazard model used,
and transferability to other model setups remains a challenge. All
studied parameterizations require substantial impact data for
calibration (Prahl et al., 2015).

Feuerstein et al. (2011) applied a bottom up approach and created
impact functions by linking observed building damages to windspeeds,
and the impact model of Koks and Haer (2020) is building on those
functions additionally fitting them to aggregate impact data.

1.6 Decision-making support for managing risks

Many sectors are influenced by weather and climate and thus profit
from integrating weather and climate data into their decision-making
(Hewitt et al., 2012). There is a growing body of literature about the
provision of useful climate information to decision-makers assembled
under the term “climate services”. Additionally, the provision of
meteorological forecast data and warnings and their use in decision-
making have been studied. In both bodies of literature, there has been
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a trend towards user specific solutions and integrating socio-economic
Impacts.

In the following subsections, the findings for climate services (section
1.6.1) and forecast and warnings (section 1.6.2) are summarized. In
section 1.6.3, the importance of collaboration and transdisciplinarity
for decision-making support is emphasized with applied examples.

1.6.1 Climate services

Climate services have become a more prominent topic due to climate
change and increasing impacts from weather events (Hewitt et al.,
2012). Many countries provide country specific information not only
about the current, but also about the future climate (Skelton et al.,
2017). In Switzerland, the National Centre for Climate Services
(NCCS) located at MeteoSwiss coordinate these activates among the
different governmental bodies.  Additionally, there are several
international providers of climate services, e.g. the Copernicus Climate
Change Services initiative, that provides services about past, current
and future climate and publishes vast amounts of observational and
modelling data (Thépaut et al., 2018).

An important criteria for the success of climate services is the fact that
they require knowledge of the decision-maker’s needs and frequent
interactions with them in the process (Hewitt et al., 2012; Taylor et al.,
2015). According to Skelton et al. (2019), users can often be divided
into three groups with different need profiles: Sailors, who gather
several summary information to incorporate qualitatively into their
decision-making, Divers, who look at quantitative climate datasets and
Observers, who only want to be generally aware of the information
without actually incorporating it into their decisions. It is important to
provide each of the user groups with their preferred type of material.
Additionally, there is potential to encourage more Sailors to become
Divers (Skelton et al., 2019).

Transparency and trustworthiness are further criteria for the success of
climate services, which can be improved by making not only the
knowledge and data, but also decision support tools openly accessible
(Hewitt et al., 2012; Taylor et al., 2015).

The decision-making support of climate services includes weather and
climate science experts and non-experts. Experts are challenged by the
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need to not only communicate their knowledge but also the associated
uncertainties (Taylor et al., 2015). Withheld or unsuccessful
communication of the uncertainties might lead to a false sense of
certainty, a loss of trust, mal-adaptation or even failures to act (Taylor
etal., 2015).

Chapter 4 uses climatological information of winter windstorm
intensities from the Copernicus Climate Change Services platform and
provides an open and transparent decision support tool directed at
Divers, such as e.g. local insurance providers, to combine their claims-
based risk assessment for building damages due to winter windstorms
with modelled impacts based on climatological data. The fully open
implementation in CLIMADA might also serve as an encouragement
for previous Sailors (small organisations who did rely on others for
handling such kind of information) to become Divers themselves.
Chapter 4 also compares the uncertainty between claims based and
model-based risk assessments.

1.6.2 Forecast and warnings

In Switzerland a nationwide and comprehensive weather warning
system is in place since the early 2000s, it was actually initiated after
the winter windstorm event Lothar in 1999 (MeteoSwiss, 2019). Since
then the warning system has been constantly expanded and improved
(Kube et al., 2016). MeteoSwiss now provides weather warnings for
wind, snow, thunderstorms, frost, heat waves, rain, slippery roads. The
warnings are presented on a multi-hazard platform together with
avalanche, earthquake, flood and forest fire warnings. The multi-hazard
platform fulfils an important user requirement (Dallo et al., 2020) is
coordinated by the Steering Committee on Intervention in Natural
Hazards (LAINAT) and is complemented by an app widely used by the
general public and beyond (MeteoSwiss, 2016).

In a warning situation, a forecaster of a National Hydrological and
Meteorological Services (NHMS) needs to achieve and maintain
situational awareness in order to be in a position to provide useful
advice (WMO, 2015b). Situational awareness means disposing of a
mental model of the weather situation through constantly incorporating
observational and forecast data in a cycle of analysis, diagnosis and
prognosis (WMO, 2015b). A forecaster consolidates the information in
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a mental model to take warning decisions and to provide advice in
answer to specific requests.

On a global level, the World Meteorological Organization (WMO)
issued guidelines to encourage NHMS to incorporate socio-economic
Impacts into their warnings (WMO, 2015a). The WMO suggests three
paradigms (excerpt from chapter 5 of this thesis): “In the first
paradigm, so-called hazard warnings (HbW), only the hazard
information and no impact information are considered as described as
weather warnings above. In the second paradigm, named impact-based
warnings (IbW), the vulnerability information is used in addition to the
hazard to formulate potential impacts. In the third paradigm, the risk of
Impact is assessed using both vulnerability and exposure information
arriving at impact forecasts (IFc) and impact warnings (IW).”
MeteoSwiss also plans to focus on the incorporation of impacts in the
next version of their warning system (Kube et al., 2016). Chapter 5 of
this thesis presents the implementation of an impact forecasting system
for the third paradigm.

There are developments towards quantitative impact forecasting for
almost any hazard type, but they mostly are in their infancy and
operational impact forecasting systems exist only for heatwaves and
earthquakes (Merz et al., 2020). Impact modelling has to become more
advanced to be comparable with hazard modelling, this is especially
the case for uncertainty, that is provided in a lesser degree for impact
models (Merz et al., 2020). Forecasting socio-economic impacts goes
beyond the established role of an NHMS, but NHMSs may be best
equipped to forecast such impacts or may play a supporting role in
enabling their partners to forecast impacts (WMO, 2015a). Open-
source impact models, as presented in Chapter 5, also offer the
opportunity for them to be operated by users, constantly fed with
(meteorological) input as provided by NHMS, e.g. via an application
programming interface (API), as e.g. piloted by the German Weather
Service (http://opendata.dwd.de).

This thesis contributes to the discussion about incorporations of
Impacts into weather warnings. The implementation of an impact
forecast in chapter 5 sets a new technological minimal requirement for
impact forecasting for weather warnings.
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Psychological and social science aspects

To improve the decision-making support of warnings, it is much more
meaningful to first work on the communication of warnings and their
potential to incite behavioural change than to increase the accuracy of
the meteorological forecast (Nurmi et al., 2013). That is why there is a
growing body of literature that looks at the communication and
perception of weather warnings.

Fleischhut et al. (2020) found that users have some deficits in weather
literacy. General users might struggle to connect wind speeds with
verbal category labels (e.g., gale, storm, hurricane) and with expected
Impacts (e.g., outdoor furniture blown away, trees uprooted).
Additionally users tend to overestimate the wind speeds at which a
certain impact is expected to happen. As a result, users might misjudge
the risk if the provided warning is based on forecasted wind speeds or
categories alone. These deficits might be remedied by incorporating
Impacts into warnings (Fleischhut et al., 2020). The combination of
impact information and behavioural recommendations often better
communicates the warning content compared to purely meteorological
information and might also lead to a more comprehensive perception
of the weather situation (Weyrich et al., 2018).

Regarding the perception of warnings, there is still a lack of
understanding and thus there is a need for further experimental and
post-event studies (Taylor et al., 2019). For example, the previously
mentioned results by Weyrich et al. (2018) were put into question by
another survey using real-time events instead of an experimental setup
(Weyrich et al., 2020). But the importance of impact information for
warnings is a recurring theme, as a survey in the aftermath of storm
Doris in the UK shows. The willingness to follow behavioural
recommendations is strongly linked with concern about the event, and
the concern is linked to the perceived severity of impact (Taylor et al.,
2019). During the study of Weyrich et al. (2020) no severe event was
taking place which might trigger a concern linked to the severity of
Impact. This decreases the explanatory power of the results of this
study. Another point of mixed results is that rendering the content of
warnings easy to understand normally leads to them being perceived
more trustworthy, though willingness to follow behavioural
recommendations may not be sensitive to gradations of warning levels
(Taylor et al., 2019).
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1.6.3 Collaboration — Transdisciplinarity

Managing risk is a transdisciplinary undertaking, of which quantitative
risk assessment as presented in this thesis is only one part. Defining
what is at risk, how to handle risks etc. is a collaborative undertaking
that most times needs to include many stakeholders.

Almost any risk management should start with engaging the relevant
stakeholders. For example the methodology of “Economics of Climate
Adaptation” uses a quantitative risk assessment of climate related
hazards in combination with a well-structured stakeholder dialog to
allow option appraisal for climate adaptation measures (Bresch, 2016;
Souvignet et al., 2016). Some of the structure of this methodology can
be used for the creation of other risk managements. Two examples that
are transferable from ECA: Firstly, it is important to gather all relevant
stakeholders and define “what risks should be considered and what
assets are relevant (group of people, areas, type of houses, commercial
activity, etc.)” (Phase 1 in Souvignet et al., 2016), similar to the Hazard
Impact Framework in Hemingway and Gunawan, 2018 and to Shaping
Climate Resilient Development in Bresch, 2016). Secondly, the
vulnerability can be co-developed in expert workshops relying on past
Impact data (Phase 6 in Souvignet et al., 2016). The outcome of such
stakeholder and expert dialog directly informs the setup of the
guantitative impact modelling and helps indirectly with the perception
of resulting quantitative risk assessment.

There have been studies about weather dependence of socio-economic
impacts, without using the resulting relationship for an impact
forecasting system. Nevertheless, they illustrate that weather data and
socio-economic impacts can be quantitatively linked for very diverse
examples of impacts, and that such impact forecasting system would
be possible for a broad spectrum of socio-economic impacts.

A good example of such an transdisciplinary effort is the study
“Starkniederschldge und Einsatzplanung von Schutz & Rettung
Ziirich” by the Federal Office for Civil Protection (2019). Which
combined information from different fields (meteorological
measurements and operational data of civil protection) and defined a
threshold for heavy rain for which an increase in the number of civil
protection operations was observed in the past. This threshold was used
to better communicate the expected future change of the number of
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likely requested civil protection operations due to population growth
and climate change. This threshold and the underlying collaborative
work provides also a solid foundation for impact forecasts or impact
based warnings (Federal Office for Civil Protection, 2019).

Another example is the dependence of traffic crashes in Finland due to
bad weather (Perrels et al., 2015). In a multidimensional model the
influence of precipitation, temperatures, snow depth, wind speed, and
humidity on car crashes have been studied and regional as well as
temporal differences defined. Early in winter freezing and thawing is a
bigger indicator for the car crash risk as later in winter. Also the same
bad weather conditions lead to a higher risk of car crashes on Fridays
compared to the weekend (Perrels et al., 2015). This multidimensional
model would be ready to be implemented as an impact forecast of car
crash risk.

For the transdisciplinary projects to further develop impact forecasting
systems, it is very important to follow guidelines to define the needs of
all involved parties and to collaboratively form a plan who will be
involved how and when in the project (Pohl et al., 2017). It is important
that the transdisciplinary projects are setup with support from and
project ownership of people high enough in the hierarchy of the
involved institutions that enough time during the project is reserved for
interaction and iterations in tackling, reconciling and resolving issues
(Fischer et al., under review).

1.6.4 Collaborative partners of this thesis

There have been three collaborative partners involved in this thesis.
They are introduced in the following paragraphs.

MeteoSwiss — involved party as well as collaborator

The affiliation of the author of this thesis was ETH Zurich, as well as
the Federal Office for Meteorology and Climatology MeteoSwiss. In
most ways, MeteoSwiss was directly involved in this thesis and the
author had direct access to data, infrastructure, resources and
knowledge about the numerical weather forecast. After the storm event
Burglind/Eleanor, the author of this thesis contributed a chapter to a
technical report about the event published by MeteoSwiss (chapter 2).
Other parts of this work had more of a collaborative nature. The author
of this thesis was able to gain an insights into the responsibilities of a
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forecaster, especially the dimension of warning decisions. MeteoSwiss
Is currently in the initialisation phase of a project to renew its warning
system (Kube et al., 2016). Next to the direct implications of this
project on the thesis documented in chapter 5 and 6, there have been
many general discussions that were only indirectly related to this thesis,
which always inspired, and shaped its outcome.

Cantonal building insurance GVZ

GVZ introduced itself with the following words in chapter 3: “The
cantonal building insurance GVVZ compulsorily insures all buildings in
the canton of Zurich (with a few exceptions) against damage due to
natural hazards and fire: i.e. in total around 300 000 buildings with a
total sum insured of around CHF 500 billion (Swiss Francs) (in 2018).
GVZ is an independent institution of the canton of Zurich under public
law (GVZ, 2021).”

The collaboration with GVZ started with an agreement to use their
claims data for the studies of this thesis. Following discussions showed
a shared interest in the newly published hazard event set WISC, and the
decision was formed to jointly discuss the use of this dataset and
publish the results as a case study (chapter 4).

Additionally, GVZ uses short-term weather data for rapid damage
estimations, which are documented in chapter 4. The discussion around
the benefit of having a damage estimate as early as possible for a
building insurance company also served as a use-case of the impact
forecasting system in chapter 5.

Swiss Re

The company Swiss Re is one of the two largest global providers of
reinsurance and other risk transfer solutions (Swiss Re, 2021b). The
technical report of assessing the WISC event sets was done in a
collaboration with Swiss Re. Swiss Re provided the perspective of the
reinsurance industry, in particular as a large company with their own
extensive model capabilities for winter windstorms impact assessments
(chapter 3).
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2 Der Wintersturm Burglind/Eleanor in der Schweiz -
Schaden und Auswirkungen

Thomas Roo0sli:2

Published as chapter 6 in the technical report “MeteoSchweiz, 2018: Der
Wintersturm Burglind/Eleanor in der Schweiz, Fachbericht MeteoSchweiz,
268, 35 pp.» edited by Simon Scherrer.

Burglind/Eleanor fihrte zu direkten Schaden wund indirekten
Auswirkungen in der Schweiz. Die im Februar 2018 geschatzten
Gebadudeschaden erreichen einen Gesamtwert von 165 Millionen CHF,
was den hochsten Wintersturmschaden seit Lothar 1999 darstellt. Es
gab Beeintrachtigungen im Strassen- und Schienenverkehr sowie
lokale Unterbriiche im Stromnetz. Im Wald wurden rund 1.3 Millionen
Kubikmeter Holz geworfen, ein Viertel einer Jahresnutzung.

Wintersturm  Burglind/Eleanor  z&hlt zu den vier starksten
Winterstirmen der Schweiz seit 1981. Winterstirme dieser Starke
fiihren zu Schéaden an Geb&auden, Waldflachen und fur die Gesellschaft
wichtigen Infrastrukturen. Durch grobe Schatzungen der Personen- und
Sachschéden sechs Wochen nach dem Ereignis kann die nationale
Bedeutung des Wintersturms  Burglind/Eleanor aus einer
Schadensperspektive abgeschatzt werden. Die hier publizierten Zahlen
sind Schéatzungen und stammen teilweise aus nicht abgeschlossenen
Erhebungen. Es ist zu erwarten, dass sich diese Schatzungen im
Verlaufe der nachsten zwei Jahren noch éndern.

Bei Lothar 1999 sind in der Schweiz 14 Personen wahrend des
Ereignisses zu Tode gekommen. Bei Burglind/Eleanor sind
glucklicherweise keine direkt durch den Sturm verursachte Todesopfer
bekannt. Bei Forstarbeiten sind jedoch geméass Beratungsstelle fir
Unfallverhitung in der Landwirtschaft (BUL) bis Februar 2018 drei
Personen tddlich verunfallt, bei denen ein Zusammenhang zu
Aufraumarbeiten von Sturmschaden wahrscheinlich ist. Drei weitere
Personen wurden schwer verletzt. Die Angaben des BUL sind mangels
einer Meldepflicht nicht abschliessend.

Lnstitute for Environmental Decisions, ETH Zurich, Zurich, Switzerland
2 Federal Office of Meteorology and Climatology MeteoSwiss, Zurich, Switzerland
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Die geschatzten versicherten Gebdudeschaden von 165 Millionen CHF
(vgl. Table 1) erreichen nur ein Viertel der Schaden von Lothar und
bewegen sich auf &hnlichem Niveau wie der Sturm Vivian von 1990,
der besonders in hohen, kaum bewohnten Lagen der Alpen wiitete. Die
grossten Gebdudeschaden durch Burglind/Eleanor entstanden in den
Kantonen Bern mit 20 Millionen CHF, Luzern mit 18 Millionen CHF
sowie in Solothurn, Aargau und Zirich (vgl. Figure 2). Nicht
beriicksichtigt sind die sieben Kantone Genf, Uri, Schwyz, Tessin,
Appenzell Innerrhoden, Wallis und Obwalden, in denen anstelle
staatlicher Geb&udeversicherungen private Versicherer Windschéden
abdecken. Diese Kantone werden vom  Schweizerischen
Versicherungsverband SVV auf ein Schadenstotal von 35-40 Millionen
CHF geschétzt.

Der dem BAFU gemeldete Waldschaden von 1.3 Millionen
Kubikmeter geworfenem Holz entspricht etwa einem Viertel einer
Jahresnutzung der Schweiz. Das BAFU erwartet gemdss der
Medienmitteilung vom 18. Januar 2018, dass der Markt das
verwertbare geworfene Holz ohne Preiszerfall aufnehmen kann.
Anders war die Situation bei Lothar als zehnmal mehr Holz geworfen
wurde oder bei Vivian mit vier Mal so hohem Schaden. Am stérksten
von Waldschaden betroffen wurden durch Burglind/Eleanor die
Kantone Bern, Luzern, Solothurn, Zirich und Aargau. Besonders die
Kantone Bern, Luzern und Solothurn verzeichneten einige grossere
Flachenschaden und damit Schadensmengen in der Hohe von bis zu
zwei Drittel ihrer durchschnittlichen Jahresnutzung. Grosse
Auswirkungen haben ebenfalls Streuschaden von Nadelbdumen, deren
Entfernung zur praventiven Einddmmung von Borkenkéferbefall viel
Arbeit verursacht. Aufrdumarbeiten im Wald sind sehr geféhrlich. Bei
den Aufrdumarbeiten nach dem Sturm Lothar starben 15 Menschen
(WSL & BUWAL, 2001). Es bleibt zu hoffen, dass die Aufrdumarbeit
nach Burglind/Eleanor zu keinen weiteren Todesfallen fuhrt.
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Figure 2 Verteilung der Gebédudeschéden (rot), Waldschéden (griin) und Einschrénkungen
im Bahnverkehr (blau) pro Kanton. Es wird der Anteil der kantonalen Schéden am gesamten
Schaden der Schweiz gezeigt. Uber die Gebaudeschaden der sieben Kantone Genf, Uri,
Schwyz, Tessin, Appenzell Innerrhoden, Wallis und Obwalden ist nur ein Summenwert
bekannt. Datenstand: Februar 2018.

Zusétzlich zu Schaden an Gebduden und im Wald haben starke
Winterstlirme auch indirekte Auswirkungen durch Unterbrechung oder
Ausfélle von Dienstleistungen oder kritischer Infrastruktur. Diese
Unterbrechungen betreffen einen viel grosseren Anteil der
Bevolkerung als direkte Schaden und kénnen zu weiteren Folgekosten
fuhren. Beim Sturm Lothar werden diese Kosten auf mindestens
weitere 17 Millionen CHF geschatzt. Als Beispiele indirekter
Auswirkungen von Burglind/Eleanor werden hier die Mobilitat und die
Stromversorgung betrachtet.

Erfreulicherweise meldet Swissgrid, dass das
Ubertragungsleitungsnetz der Schweiz trotz einzelner Schiden keine
Versorgungsliicke bei Verteilerstationen ausgeltst hat. Bei Lothar
haben 70 beschadigte Ubertragungsleitungsverbindungen  zu
grossflachigen Stromausfallen gefiihrt. Bei Burglind/Eleanor haben
Schéaden im kleinrdumigeren Verteilernetz, geméss Recherchen des
SRF, bei tausenden Haushalten in den Kantonen Bern, Luzern, Zirich
und  Graubunden zu einem  Stromausfall gefiihrt, die
Beeintrachtigungen waren jedoch deutlich weniger massiv als bei
Lothar.
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Die SBB hat mit 168 Storungsereignissen (wie zum Beispiel Baume
auf Geleisen) ebenfalls Auswirkungen des Sturms im gesamten
Bahnverkehr der Schweiz festgestellt, die bis zu 400'000 Passagiere
betroffen haben. Von Verspdtungen waren besonders stark die
Romandie (920 Verspatungen) gefolgt vom Mittelland (680
Verspatungen) und dem Netz der BLS (430 Verspatungen) betroffen.
Die direkt oder indirekt von Burglind/Eleanor ausgelosten Ereignisse
mussen aber im Kontext der taglich im Durchschnitt 550 Ereignisse
anderer Ursachen als nicht besonders schwerwiegend betrachtet
werden.

Table 1 Zusammenstellung der Schéaden verschiedener Winterstiirme. Diese Tabelle
vergleicht die Schdden an Wald und Geb&ude der Stiirme Burglind/Eleanor, Lothar und
Vivian. Quellen Gebéudeschéden: Kantonale Geb&udeversicherungen / Kantonaler
Rickversicherungsverband / Schweizerischer Versicherungsverband, Waldschéden:
BAFU, Todesfélle: (WSL & BUWAL, 2001) und Beratungsstelle fiir Unfallverhiitung in der
Landwirtschaft. Datenstand: Februar 2018.

sturm Todesfélle Ge_b'audeschéden ngdschéden
[Anzahl Personen] [Mio. CHF] [Mio. m3]

Burglind/Eleanor 2018 mind. 3 165 1.3

Lothar 1999 29 630 12.7

Vivian 1990 24 255 4.9

Die nationale Verkehrsinformationszentrale der Schweiz (viasuisse)
hat am 3. Januar 2018 (ber 1000 Meldungen zu unterschiedlichen
Beeintrachtigungen, von Sperrung bis zu stockendem Verkehr im
National- oder Kantonalstrassennetz, versendet. Das sind zehn Mal
mehr als am ereignislosen 3. Januar 2017. 455 Meldungen standen im
direkten Zusammenhang mit dem Sturm Burglind/Eleanor.

Die verschiedenen Kantone wurden unterschiedlich stark von
Burglind/Eleanor betroffen. Die Schaden waren in den Kantonen Bern,
Solothurn, Aargau, Luzern und Zurich besonders stark. Mit indirekten
Auswirkungen ebenfalls in der Westschweiz, im restlichen Mittelland
und in den Voralpen bis Graubiinden. Die rdumliche Aufteilung der
Schéden (vgl. Figure 2) entspricht gut der klimatologischen
Rangierung der Windspitzen in Abbildung 17 und der von der
MeteoSchweiz vertffentlichten Gefahrenkarte in  Abbildung 10
(Abbildungen 10 und 17 sind abgebildet in Scherrer et al., 2018).
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3 A comparison of the WISC events sets with both
industry and research data

Thomas Roosli', David N. Bresch' and Marc Wuest?

This case study was published as part of the WISC project in the context of the
Copernicus  Climate  Change  Service  (C3S). Available  at:
https://wisc.climate.copernicus.eu/wisc/#/help/products#casestudies_section.

3.1 Introduction

For the year 2016, the Swiss Re sigma study (Swiss Re, 2017) counted
191 natural catastrophe events globally, leading to an economic
damage of 166 billion USD. Such catastrophes have a huge impact on
the affected societies and need to be managed with foresight.

Risk management starts with proper identification of risks and their
drivers, followed by quantification of frequency and severity.
Catastrophe modeling has been brought to this task for many years by
the (re)insurance sector.

Catastrophe models assess risk by combin3ation of hazard, exposure
and vulnerability (CLIMADA, 2018). The hazard describes the
intensity and the probability of a catastrophe event. The exposure
describes the geographical distribution and kind of assets (e.g. private
property within each postal code in France) and the vulnerability the
effect of a particular hazard on each kind of assets for different hazard
intensities (e.g. the damageability of private property due to wind).

Among the many natural hazards, wind is one of the most important
natural catastrophe risks in Europe. It is not so much the risk of total
destruction of a few assets in a small region, but rather the widespread
(across multiple countries) minor damage that sums up to impressive
amounts. Winter storms such as Daria in 1990 and Lothar in 1999
totaled economic damages of more than EUR 8 bn eachl and for Kyrill
in 2007 economic damages amounted to EUR 7 bn (Swiss Re, 2017).
Hence European winter storms deserve special attention, as illustrated

LETH Zurich, Switzerland
2 Swiss Re, Switzerland
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again by Burglind in January 2018 (early estimates of economic
damage in the range of at EUR 1.1-1.6 bn).

Copernicus’ Wind Storm Information Service (WISC) aims to provide
open source data for all players in the insurance sector (and beyond) to
assess their European wind storm risk. The center piece of this open
source data is the hazard intensity information - the wind gust footprints
of storm events, provided at a high spatial resolution of approximately
4km. WISC provided two event sets: the historic event set containing
the footprints of 147 severe storms of the last 70 years and the synthetic
event set containing more than 7°500 footprints of roughly 130
modelled years.

We will undertake a comparison of the WISC event sets with the
European wind storm catalog of both the open-source CLIMADA
model as used at ETH Zurich and the operational Swiss Re loss model
(part of Swiss Re’s proprietary MultiSNAP platform) for selected
storms and storm years with the aim to better understand extreme
Impacts and associated uncertainties.

3.2 Rationale

The CLIMADA impact modelling platform used at ETH is an open
source and —access platform incorporating the same risk assessment
principles and methodology as operated by the (re)insurance industry
(CLIMADA (2018) has been used in peer-reviewed scientific studies,
Stucki et al., 2015; Bresch, 2016; Welker et al., 2016; Gettelman et al.,
2017; in more than twenty Economics of Climate Adaptation (ECA)
case studies worldwide, see ETH Zirich, 2021; as well as for bespoke
studies with industry partners to look into weather and climate risks to
sovereigns: S&P Global Ratings, 2015). CLIMADA can be used as a
test environment for the WISC datasets, it even provides an automatic
interface to the OASIS Loss Modelling Platform (LMF) ktools
(https://oasisImf.org/ and the CLIMADA call
ktools_model from_climada). Given the modularity and high
flexibility of the CLIMADA platform, we can emulate many
combinations of hazard, exposure and vulnerability as used by other
models, such as combining the WISC hazard sets with other exposure
databases or different vulnerabilities.
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Swiss Re is in a good position to calibrate and validate its in-house
European winter storm model based on in-house damage data gathered
across Europe at high resolution for many historic events. For rare
events (return periods beyond 100 years), the hazard component of the
damage model becomes the key driver of uncertainty and hence
warrants further study.

Using the historic event set of winter storm footprints as generated in
the WISC project provides Swiss Re with the opportunity to re-check
historic events and double check its in-house validation. Using the
synthetic event set of winter storm footprints as generated in the WISC
project provides Swiss Re with the opportunity to investigate the tail of
the hazard and damage distribution. Comparison along the chain of
impacts (hazard, exposure, vulnerability, damage calculation) will
allow for explicit quantification of uncertainty and hence further the
understanding of drivers of expected damage and associated
uncertainty, especially to compare the low- and high- frequency tails
of the distribution.

Since we envisage publication of key insights and will run comparisons
using the open-source CLIMADA and components of the OASIS loss
modelling framework4, the present work undertaken will inform not
only the modeling community, but also industry and society at large
towards better understanding of European winter storm risk.

3.3 Data Use

The risk modelling framework of WISC provided dataset on the hazard,
the exposure and the vulnerability. This study will focus on the hazard
information.

3.3.1 Hazard

The case study will use both the historic as well as the synthetic set of
storm footprints as provided by WISC (Hamish Steptoe, 2017). The
historic event set containing the footprints of 147 severe storms in the
period 1940-2013. The storm events were selected due to their high
damage caused or due to a high meteorological intensity (high
vorticity). The wind gust footprints were created from ERA-Interim
(Dee et al., 2011) and ERA-20c (Poli et al., 2016) Reanalysis. The
synthetic event set containing more than 7’500 footprints of roughly
130 modelled years. The storms were created in the UPSCALE

37



modelling framework and form a “physically realistic set of plausible
events, representative of the period from 1985 to 2011.”

CLIMADA uses the storm event set as published in Schwierz et al.
(2010), a paper that investigated the change of the winter storm
damages in Europe in the light of climate change. The event set was
created out of four different climate models and a probabilistic
extension of each original event (see paper for details) and consists of
8’060 storms representing a time span of 600 years. This final event set
was calibrated using the winter storm model of Swiss Re as it was
operational in 2004.

The case study will further use Swiss Re proprietary hazard
information, namely the historic events within their European winter
storm catalogue. Swiss Re uses the NOAA 20th Century Reanalysis as
a basis of their wind gust footprints (20th Century Reanalysis V2 data
provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA,
from their Web site at https://www.esrl.noaa.gov/psd/). From the time
period 1873 to 2010, 771 selected storms were downscaled using
information from RCMs (Regional Climate Models) creating raw wind
gust footprints on an irregular grid. This method created a consistent
dataset of extreme storms of the last 130 years.

For important historic events Swiss Re produced scenario footprints:
The raw model footprints were enhanced with observed wind gust
measurements from a large set of station data in Europe. The losses
modelled with scenario footprints show a higher alignment with
observed losses than modelled losses based on raw footprints because
of reducing unavoidable uncertainty in the methods of reanalysis and
downscaling.

3.3.2 Exposure

The WISC exposure dataset contains every building in Europe from the
OpenStreetMap  database (OpenStreetMap, 2021) with the
categorization of Corine Land Cover (EEA, 2016) and country specific
rebuilding costs of the PAGER database (Porter et al., 2008).

The CLIMADA exposure dataset is created starting from a fixed value
for the total sum of assets per country based on its GDP and a scale-up
depending on the income group as assigned by the World Bank
(http://data.worldbank.org/indicator/NY.GDP.MKTP.CD/countries).
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This total value for all assets is distributed over the country using
satellite nightlight intensity
(https://earthobservatory.nasa.gov/Features/NightLights/page3.php) at
a resolution of up to 1x1km (here interpolated to the WISC resolution
of about 4.4x4.4km).

The focus of this study is the comparison of the WISC hazards with
both industry and research data. For this setup, the exposure is kept
constant and calculations are only undertaken using the CLIMADA
exposure.

3.3.3 Vulnerability

WISC uses the wvulnerability curves of different building types
published by Feuerstein et al. (2011). The Corine Land Cover
categorisation and the PAGER information about building types per
country allow for an individual vulnerability curve per building and
consequently specific vulnerability curves per country.

CLIMADA uses the vulnerability information of Schwierz et al.
(2010), i.e. one general vulnerability curve for all building categories
and all countries in Europe. For a constant experimental setup with
focus on the hazard only the Schwierz et al. (2010) vulnerability
information is used for the calculations in this study.

3.3.4 Damage data

The Emergency Events Database (Guha-Sapir Debarati, 2021)
provides independent disaster data including damages of winter storms
in Europe. Swiss Re and other players in the reinsurance industry, such
as PERILS (PERILS AG, 2021) also publish damage data for severe
events. This damage data can be used as a counterfactual to provide
context for the WISC hazard, exposure and vulnerability information.

3.4 Experimental Design

Both the existing Swiss Re European winter storm catalogue as well as
the open-source CLIMADA platform and its European winter storm
damage model will serve as a starting point/counterfactual.

WISC data (namely storm footprints) were be converted into the
specific database format as used by MultiSNAP and CLIMADA.. Swiss
Re provided hazard frequency information for the study, to allow a
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comparison. Swiss Re also used its event/hazard set with CLIMADA
vulnerabilities to produce loss frequency curves. The interface from
WISC to CLIMADA is openly available via GitHub as part of
CLIMADA’s storm Europe module
(https://github.com/davidnbresch/climada_module_storm_europe).
We test with a focus on the differences in the low- and high-frequency
tail of the damage distribution both across Europe (pan-European view)
as well as for select regions and/or countries. Please note that, since the
damage models operate at resolutions similar to the WISC storm
footprints (few km), results could theoretically be obtained at a much
more granular resolution than aggregated by country.

3.4.1 Exploration of WISC historic and synthetic event set with
Schwierz et al. (2010)

The WISC event sets are explored by examining their climatological
features. The storm severity index (SSI, Hamish Steptoe, 2017) and
the modelled damage is driven by the gust speed and the size of the
affected area. The distributions of these two variables are compared in
the historic and synthetic WISC event set. The information of the
Schwierz et al. (2010) event set is used as a reference.

3.4.2 Comparison WISC historic event sets with Swiss Re historic
event set

The event set used by Swiss Re is used as a representation of the
industry state of the art damage and risk modelling. Some frequency
information of the hazard set of Swiss Re is used to provide context for
the WISC event sets. This context allows for a judgement on the area
and range of application of the WISC event sets in the industry.

The WISC historic event set is used as a counterfactual to verify the
iImprovement of the creation of scenario footprints by Swiss Re as
described in section 3.3.1.

3.4.3 Comparison WISC exposure data and with CLIMADA’s default
exposure database

WISC is also providing an exposure dataset based on Open Street Map
(OpenStreetMap, 2021), rebuilding cost by PAGER and vulnerability
curves for four different building types per country. The WISC
methodology is compared with the methodology used by CLIMADA.
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3.4.4 Comparison of Damages

Finally, we will show a comparison of return periods of per occurrence
event damages as well as annual damages.

3.5 Results and Discussion

3.5.1 Exploration of WISC historic event set and WISC synthetic
event set

The Storm Severity Index (SSI) of the storm footprints in the WISC
synthetic event set are much lower than the SSls of the WISC historic
events set (Figure 3). The historic event set only contains select severe
events that produced high insurance damage or have a high intensity
on a meteorological scale. Hence a higher mean SSI is expected for the
historic event set compared to the synthetic event set. The difference in
SSI distribution is mainly due to missing events with high SSI in the
synthetic set. Even though the timeframe of the synthetic event set of
130 years is longer than the 70 years of the historic event set, it does
not contain any storm with an SSI of 1.5*109 or higher. The historic
event set contains a quarter of its storms in this range of SSI. As for
comparison the CLIMADA event set created in the study of Schwierz
et al. (2010) is shown. It shows a smaller mean SSI compared to the
WISC historic event set, but contains a tail of few, severe storms with
high SSI, as expected for an event set covering roughly 600 years.

41



x 10° Europe
T

T T
_|_
s h
+
3 - -
—_—
I
25T | 1
I
— 2F | 1
W |
@ |
15 | | h
I
1F $ I 1
|
0sr 7
ok 1 1 i
I i I
WISC historic event set WISC synthetic event set climada event set

Figure 3 Distribution of Storm Severity Index (SSI) of the WISC historic (left) and synthetic
(middle) event set as well as for the event set in Schwierz et al. (2010). See text for details.

The two factors controlling the SSI are the kinetic energy flux (the cube
of the gust speed) and the affected area. In Figure 4 the distribution of
these two factors are shown for the historic and synthetic WISC event
set and for the reference CLIMADA event set. The difference in SSI
can be attributed almost entirely on the difference in affected area.
Compared to the historic event set and compared to the CLIMADA
event set, the events of the WISC synthetic event set each affect a much
smaller area.
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Figure 4 The cube of the gust speed and affected area estimation distributions for WISC
historic and WISC synthetic event set and CLIMADA event set. The difference seen in the
SSI between the different event sets is mirrored in the distributions of area affected, while
the distributions of the cube of the gust speed are similar between all event sets.
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3.5.2 Comparison WISC historic event set with Swiss Re historic
event set

We compared the SSI of the WISC historic event set with the SSI of
the Swiss Re historic event set. The different length of the covered time
period (WISC: 70 years, Swiss Re: 130 years) and the different number
of events (WISC: 147, Swiss Re: 771) make a comparison complicated.
The median SSI of the Swiss Re historic event set is lower than the
median SSI of the WISC historic event set. This is an expected result
as the Swiss Re set contains more storms per year and thus also storms
with lower severity (Figure 5). The most severe events of the WISC set
have a higher SSI than the most severe events in the Swiss Re set.
Looking at the components of the SSI in Figure 6, the WISC set can
also have a bigger affected area compared to the biggest events in the
Swiss Re set, while the cube of the mean gust speed seems to be higher
for the Swiss Re events. There is further investigation needed to see if
the vulnerability curves, fitted to the Swiss Re events severity, account
for that difference in gust speed and if the difference in affected area
also is reflected in the spread of modelled losses.
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Figure 5 Storm Severity Index (SSI) of the WISC historic event set (147 events in 70 years,
left) shows a similar distribution to the SSI of the Swiss Re historic event set (771 events in
130 years, right).
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Figure 6 The cube of the gust speed and affected area estimation distributions for WISC
historic event set and Swiss Re event set.

Additionally, the WISC dataset can be used to reconfirm the benefit of
the enhancement of scenario footprints created by Swiss Re (see
section 3.3.1). The SSls of the Swiss Re scenario footprints aligns
much better with SSls of the WISC footprints than the Swiss Re raw
footprints (Figure 1), confirming the benefit of the enhancement.
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Figure 7 The SSI of events calculated with the Swiss Re footprint on the y-axis and the
matching SSI calculated with the WISC footprint on the x-axis. For the left panel, the SSI of
the event was calculated with the raw footprint, for the right panel with the enhanced
scenario footprint.

All of the 15 compared scenario events happened after 1960 and eleven
of them after 1980, in the time period of ERA-Interim. The WISC
footprints are a good source to verify Swiss Re’s NOAA 20th Century
Reanalysis based footprints, which are originating from a consistent
data source for all its 130 years, but a data source that has a lower
resolution.
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3.5.3 Comparison WISC exposure data with CLIMADA’s default
exposure database

As an illustration, the distribution of the WISC and CLIMADA
exposure is shown in Figure 8. The WISC exposure has a flat
distribution over Europe with a high concentration of exposure in the
metropolitan areas like London, Paris or Berlin. The CLIMADA
exposure spreads assets further out from city centers and does not show
as harsh a difference between highly and lowly populated areas.
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Figure 8 The exposure database of WISC containing rebuilding costs (left) and the
CLIMADA exposure dataset, representing a proxy for asset values as of today (right).

3.5.4 Comparison of Damages

It is important to differentiate between the event damage and the annual
aggregate damage when comparing the different event sets. Similar to
the low SSI the WISC synthetic event set also produces low damage
per event compared to the historic event set (Figure 9). When
aggregating the events to an annual damage, the synthetic event set
shows a higher average annual damage than the historic event set,
driven by aggregating many small storms each year (Figure 10).
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Figure 9 Event Damages of the WISC historic (yellow) and synthetic (orange) event set in
Europe, calculated with the CLIMADA exposure dataset, shown as exceedance frequency
curve (left). The same data shown as boxplot in the right panel.
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Figure 10 Annual Damages of the WISC historic and synthetic event set in Europe,
calculated with the CLIMADA exposure dataset, shown as exceedance frequency curve
(left) and same data shown as boxplot in the right panel.
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The comparisons have so far been made on the European level,
highlighting the consequence of the different spread of area affected in
the two event sets. If a smaller region like the Netherlands is used as
geographical extent, the smaller size of the events in the synthetic event
set loses its relevance and the synthetic event set results in damages in
a similar range as the historic event set. Figure 11 shows the annual
damage of the two events sets for the exposure of the Netherlands and
the correspondent exceedance frequency curves are looking similar. In
the distribution of the event damages of each event set in Figure 12 it
is shown that on the scale of the Netherlands the reason for the similar
annual expected damage is not only the higher number of storms but
also a similar distribution of event damages.
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Figure 11 Annual Damages of the WISC historic and synthetic event set in the Netherlands,
calculated with the CLIMADA exposure dataset, shown as Exceedance frequency curve
(left) and the same data shown as boxplot (right).
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Figure 12 Event Damages of the WISC historic and synthetic event set in the Netherlands,
calculated with the CLIMADA exposure dataset, shown as Exceedance frequency curve
(left) and the same data shown as boxplot (right).

3.6 Conclusion

The WISC historic and synthetic events sets are both suitable to
calculate winter storm damage in Europe. For calculating the damage
of high impact events and especially for geographically large portfolios
the WISC historic event set provides reliable hazard intensities. The
WISC synthetic event set can be used to assess the risk for frequent
events and aggregated annual damage. Based on the lower severity in
the synthetic event set, we caution its use for rare events.

The WISC historic event set can be used to carry out sanity checks and
verifications of the data, methods and decisions used in the hazard part
of European winter storm models operational in the insurance industry,
as shown in section 3.4.2 and 3.5.2.

3.7 Feedback and comments

The hazard footprints as provided by WISC form an independent set of
data to cross-validate and further develop existing European winter
storm models. For a comprehensive risk view, including rare high
impact events as well as frequent events driving the annual aggregate
damages, the risk results of both WISC historic and synthetic event set
could be combined qualitatively. In order to quantitatively combine,
one might consider to manually adjust the frequency or the severity of
single events in the synthetic set to generate a combined event set
containing both rare high impact events (mainly from the historic set)
as well as sufficient number of frequent events (from the synthetic set).

Further research is still needed to better understand ‘real extremes’, i.e.
very rare extreme European winter storms as well as to establish a
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comprehensive pan-European synthetic hazard event set fit for a variety
of applications. Further development might focus also on dependent
perils, such as associated (extreme) rainfall and storm surge, not least
in the light of the discussion around compound events.

The authors would like to thank the WISC consortium and project team
for making all the data and documentation fully open-access and deem
the documentation key to enable and support further and wide use. In
the same spirit, all data and methods as used in the probabilistic
modeling platform CLIMADA and its European winter storm module
are publicly available with no restrictions.
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With access to claims, insurers have a long tradition of being
knowledge leaders on damages caused by windstorms. However, new
opportunities have arisen to better assess the risks of winter windstorms
in Europe through the availability of historic footprints provided by the
Windstorm Information Service (Copernicus WISC). In this study, we
compare how modelling of building damages complements claims-
based risk assessment.We describe and use two windstorm risk models:
an insurer’s proprietary model and the open source CLIMADA
platform. Both use the historic WISC dataset and a purposefully built,
probabilistic hazard event set of winter windstorms across Europe to
model building damages in the canton of Zurich, Switzerland. These
approaches project a considerably lower estimate for the annual
average damage (CHF 1.4 million), compared to claims (CHF 2.3
million), which originates mainly from a different assessment of the
return period of the most damaging historic event Lothar—Martin.
Additionally, the probabilistic modelling approach allows assessment
of rare events, such as a 250-year-return-period windstorm causing
CHF 75 million in damages, including an evaluation of the
uncertainties. Our study emphasizes the importance of complementing
a claims-based perspective with a probabilistic risk modelling approach
to better understand windstorm risks. The presented open-source model
provides a straightforward entry point for small insurance companies.

1 GVZ Gebaudeversicherung Kanton Ziirich, Zurich, Switzerland
2 Institute for Environmental Decisions, ETH Zurich, Zurich, Switzerland
3 Federal Office of Meteorology and Climatology MeteoSwiss, Zurich, Switzerland
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4.1 Introduction

Severe windstorms are responsible for widespread socioeconomic
Impacts such as damage to buildings, structures, transport networks,
forests, and even loss of lives. Windstorms represent one of the most
damaging natural hazards in many parts of the world, not least in
Switzerland (Imhof, 2011). In the densely populated canton of Zurich,
which is located in north-eastern Switzerland, windstorms are among
the most destructive natural hazards: building damage due to
windstorms amount to 30% of the total amount of building damage
from natural hazards in this region. For comparison, damage due to
hailstorms and flooding amount to 41% and 28 %, respectively (all
numbers from 2018; GVZ, 2018; VKG, 2020).

In general, the impact of a windstorm in terms of building damages
depends on the severity of associated surface winds and gusts as well
as on the exposed values and the respective vulnerability (i.e. damage
susceptibility) of the buildings being subject to the hazard — with both
building stock and vulnerability changing over time. High wind speeds
cause large pressure and suction effects, which in turn are responsible
for damage to the roof and the building facade. Damaging winds and
violent gusts in the canton of Zurich are mainly due to the passage of
large-scale extratropical cyclones and their associated fronts during
autumn and winter as well as due to mostly local convective storms
during summer. Winter windstorms typically cause widespread minor
building damages summing up to large amounts, whereas it is not
unusual that summer convective storms cause major damage of only a
few buildings due to locally very high wind speeds.

The cantonal building insurance GVZ compulsorily insures all
buildings in the canton of Zurich (with a few exceptions) against
damage due to natural hazards and fire: i.e. in total around 300 000
buildings with a total sum insured of around CHF 500 billion (Swiss
Francs) (in 2018). GVZ is an independent institution of the canton of
Zurich under public law (GVZ, 2021).

Windstorm damage events in the canton of Zurich have been recorded
in GVZ’s database since 1981. For example, the windstorm Lothar on
26 December 1999 caused total insured building damages of around
CHF 60 million and is by far the most extreme windstorm event in the
database. Second largest is the windstorm Burglind on 3 January 2018
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(Scherrer et al., 2018), which caused total insured building damages of
more than CHF 14 million. The most extreme summer damage event
in GVZ’s record was due to a very local, but extremely intense
convective storm on 2 August 2017 with measured maximum gusts of
more than 180 km h in the lowlands, which caused total insured
building damages of approximately CHF 4 million. Even though small-
scale convective storm events are potentially hazardous, in this study
we focus on large-scale winter windstorms only, which have been
responsible for around three-quarters of all insured windstorm damages
in the canton of Zurich since 1981.

Extreme damage events such as those caused by Lothar or even
stronger windstorms are rare by definition. For risk assessment, solid
estimates of the probability of occurrence of such events are absolutely
essential and GVZ’s claims data of almost 40 years provide a too short
observational period which leads to a large sampling uncertainty. A
larger sample of events is needed for which at least quantitative
meteorological data and if possible damage data at ideally high
spatiotemporal resolution are available (e.g. Haas & Pinto, 2012).
Observational damage data are generally sparse and incomplete for
historic windstorms in Switzerland (Stucki et al., 2014). Instead,
societal actors often use modelled impacts to manage their risk.
Insurance and reinsurance companies apply impact models for their
pricing, and governments use modelled risk for option appraisal (e.g.
The Economics of Climate Adaptation Working Group, 2009; Bresch,
2016). Additionally, the information is needed for climate-related
financial disclosure (Westcott et al., 2020). However, only very few
impact models are available as open source with free access for users
in both the scientific and public or private domain.

Typically, risk is modelled as a combination of hazard, vulnerability,
and exposure (IPCC, 2014). The hazard part is the best understood, and
research culminated in open datasets of historic windstorm events
(Roberts et al., 2014; WISC, 2019), whereas maximum wind gust
speeds are frequently used as the hazard component to assess
windstorm risk (e.g. Klawa & Ulbrich, 2003). Vulnerability has been
covered by many studies and reviews (e.g. Della-Marta et al., 2010;
Schwierz et al., 2010; Feuerstein et al., 2011; Prahl et al., 2015; Koks
& Haer, 2020). There are many theoretical learnings from these studies,
but an implementation in a comprehensive open-source and easy-

o1



access risk assessment model is still missing. Detailed exposure data
are generally not publicly available and many societal actors have their
own detailed view on exposure and do not need to rely on a publicly
available dataset. There are open, spatially explicit datasets available
based on the distribution of nightlight and population (Eberenz et al.,
2020), based on the gross domestic product (GDP; Geiger et al., 2018),
or on building data from OpenStreetMap (Koks & Haer, 2020). The
sparse availability is why in some research studies loss ratios were used
instead of information on exposure (Donat et al., 2011b).

Using the modelling approach for Switzerland, Welker et al. (2016)
applied the methods presented first by Stucki et al., (2015) to a sample
of more than 80 high-impact winter windstorms that affected
Switzerland in 1871-2011. The approach involves the dynamical
downscaling of the Twentieth Century Reanalysis (20CR) using the
Weather Research and Forecasting (WRF) model. The calculated
windstorm footprints served as input for the modelling of economic
damages using a precursor of the open-source impact model
CLIMADA (CLIMate ADAptation; Aznar-Siguan & Bresch, 2019).
CLIMADA was successfully applied in several other studies for the
purpose of risk assessment and quantification of socio-economic
Impacts (e.g. (Della-Marta et al., 2010; Schwierz et al., 2010; Raible et
al., 2012; Reguero et al., 2014; Gettelman et al., 2017; Walz &
Leckebusch, 2019). To increase the sample of windstorm footprints
available for risk assessment, insurance and reinsurance companies
often combine observed windstorm footprints as far as available with
synthetic footprints generated by stochastic or dynamic atmospheric
models. In this way, they obtain a more comprehensive view on risk.

The Windstorm Information Service (WISC) of the Copernicus
Climate Change Service aims to provide a consistent and open database
of hazard data to assess the risk of windstorms in Europe for all kinds
of players in the insurance sector and beyond. The centrepiece of the
WISC dataset is wind gust footprints at high spatial resolution of
approximately 4.4 km for, on the one hand, a historic hazard event set
of around 140 European winter windstorms in 1940-2014 and, on the
other hand, a synthetic hazard event set of around 23 000 events.
Similar to the predecessor project Extreme Windstorms Catalogue
(XWS; Roberts et al., 2014), the WISC historic hazard event set
contains windstorms that hit Europe, but it provides the corresponding
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wind gust footprints at improved spatial resolution and covers more
windstorms over a period longer than the claims database available to
most insurance companies. This makes it possible to reduce the
sampling uncertainty of the risk assessment. The windstorm hazard
event sets as provided by WISC form an independent database to
validate and further develop existing European winter windstorm
models. The dataset can be used for both pan-European analyses and
local analyses, as shown in this study.

Using the WISC historic hazard event set allows GVZ in a way to “re-
check” historic events. By means of the synthetic hazard event set, the
tail of the hazard and damage distributions should be investigated.
However, R66sli et al. (2018) found that the synthetic hazard event set
IS not suitable for this purpose. Therefore, we instead propose a
probabilistic windstorm hazard event set based on a method described
in Schwierz et al., (2010) to overcome the shortcomings of the WISC
synthetic hazard event set. This new probabilistic hazard event set of
around 4300 events contains windstorms from the WISC historic
hazard event set altered by various perturbations. As discussed in this
study, such a statistical perturbation is based on the same observational
period as the WISC historic hazard event set and therefore cannot
reduce the sampling uncertainty.

This study shows how GVZ uses both the WISC dataset and the new
probabilistic hazard event set for assessing the potential building
damage and risk due to extreme windstorm events, including an
evaluation of the uncertainties of such assessments. A relationship
between wind gust speed in the affected region of the canton of Zurich
and associated building damages is found, which allows for a rapid,
straightforward estimation of damage directly after the occurrence of
extreme, unprecedented windstorms. This study further shows how
GVZ was able to improve its windstorm risk assessment on the basis
of the WISC dataset and the new probabilistic hazard event set and
could serve as an example for other players in the insurance sector or
other societal actors in Switzerland and in the rest of Europe. At the
same time, this study also illustrates selected limitations of the WISC
dataset.
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4.2 Data and methods

After a description of the insurance claims data (Sect. 4.2.1) and the
windstorm hazard event sets used (Sect. 4.2.2), we introduce the GVZ
and the CLIMADA risk assessment models applied for damage
modelling (Sect. 4.2.3) and conclude this section with a brief
recapitulation of the risk assessment metrics employed in this study
(Sect. 4.2.4).

4.2.1 Insurance claims data

The windstorm damages of past events are recorded in a proprietary
database of GVZ. It consists of almost 40 years of insurance claims
data, in total more than 84 000 single wind damage records. From this
database all the events relevant for this study were selected by
following the event definition of the windstorm event set “WISC
historic” (Sect. “Historic windstorm hazard event set” in 4.2.2). In total,
18 events are associated with WISC windstorms based on that
definition (see also Table 2). Due to the nature of the database, only the
damage reports actually insured by GVZ were considered. The
insurance claims data allow GVZ to assess the risk for its own portfolio
by analysing frequency and severity of past damages, i.e. to assess its
risk due to winter windstorm events with a return period smaller than
40 years. Additional information can help GVZ to put their recorded
damages into reference and to get a better estimate of the risk of events
with a return period larger than the 40 years of experience.

For the sake of comparability, the insured damages had to be
normalized to present-day exposure levels. In this study, the applied
normalization considers the general inflation on the basis of the Zurich
construction price index (City of Zurich, 2020). Hereinafter, both
insured and modelled windstorm damages are including occasional
deductibles — so called “gross damages” — to ease comparison.

4.2.2 Windstorm hazard event sets

Atmospheric models provide information about winter windstorm
events that can be used as a hazard component in a risk assessment
model. WISC published several hazard datasets each containing a set
of windstorm events and providing the maximum wind gust per
geographic location per event. We used the historic windstorm
footprints (Sect. “Historic windstorm hazard event set”) and
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constructed a probabilistic extension based on it (Sect. “Probabilistic
windstorm hazard extension”). In addition, we derived wind gust
footprints from measurements for a selection of present windstorm
events (Sect. “Observed footprints for current windstorms”). The
additional windstorm hazard event sets published by WISC, that are
however not considered in this study, are briefly summarized in Sect.
“Other WISC hazard event sets”.

Historic windstorm hazard event set

The historic windstorm hazard event set — denoted WISC historic —
contains wind gust footprints for around 140 winter windstorm events
in Europe in 1940-2014 (i.e. 75 modelled years in total). The events
were selected, on the one hand, based on the high damage they caused
and, on the other hand, because of their high intensity in meteorological
terms (i.e. high vorticity). Because of this pan-European perspective,
the dataset is not necessarily specific to windstorms in the canton of
Zurich. Nevertheless, the high-impact windstorms Lothar—Martin (26—
28 December 1999) and other intense windstorms such as Vivian—
Wiebke (26 February—1 March 1990) are included.

The windstorm footprints were computed by running the UK Met
Office Unified Model (MetUM; Davies et al., 2005) at approximately
4.4 km resolution with ERA-20C reanalysis (Poli et al., 2016) and
ERA-Interim reanalysis (Dee et al., 2011) as boundary conditions,
covering Europe and parts of the North Atlantic. ERA-20C was used
for all windstorm events in 1940-1979 and ERA-Interim for all events
in 1979-2014.

Each of the footprints is composed of gridded maximum 3 s gusts, with
maxima determined for a 72 h time window. This relatively long time
window was chosen, because it is widely used in the insurance sector
(Maisey et al., 2017). However, it also implies that the footprints of
directly successive events (i.e. with a time difference of less than 72 h)
such as Lothar (26 December 1999) and Martin (27-28 December
1999) are combinations of the footprints of both successive events. In
this study, the WISC windstorm footprints for events that have
overlapping time windows are combined to represent one event — as
insurance claims data do not often represent the exact time and date of
damage either (for various reasons, a key one being reporting
uncertainties). This combination is necessary to make sure that a
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maximum that occurred only once (e.g. the wind gusts reached during
Lothar) is only represented once in the hazard event set (as event
Lothar— Martin) and is not represented twice (once as Lothar and once
as Martin). There are five pairs of windstorms with overlapping time
windows in the original dataset that were combined by taking the
maximum wind gust of both footprints at each location, giving in total
142 windstorm events (Table 2). The problem of overlapping
windstorm footprints and the resulting combination of events could
have been prevented by incorporating the geographical information
into the event definition. For example, Roberts et al. (2014) aggregated
only the wind gusts within a certain radius around the windstorm centre
into a footprint to avoid this problem.

The wind gust speeds from WISC historic are considered to be realistic
compared to observations for areas at sea level (WISC, 2019).
However, with regard to the hilly topography of the canton of Zurich
the question arises as to how realistic the underlying model topography
Is in comparison to the real topography and, as a result, how good the
height-dependent wind gust speeds are compared to observational data.
Even though this could not be finally clarified in this study since
available wind measurements are generally too sparse for historic
windstorms in the canton of Zurich, a correction of all the WISC wind
gusts in the form of simple correction factors does not seem reasonable
and was therefore not applied.
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Table 2 Summary statistics for the windstorm hazard event sets and insurance claims data

used in this study.

Number of
. Total number of
Available ) . damage events
Dataset . available windstorm .
years (period) hazard events in the canton of
Zurich
“WISC 75
historic>  (1940-2014) % 27
“WISC 2250 142 (parent events) and
probabilistic * 4’118 (altered offspring 754
. (30*75)
extension” events)
“WISC 405 ,
synthetic” (3*135) 227980 42
“WISC 39
operational” (1979-2017) 106 untested
“Observed 2 7 7
footprints”  (2017-2018)
36 18 (“WISC
Insurance (1981-2014 i historic”) and
claimsdata  and 7 (“observed
2017-2018) footprints™)

Other WISC hazard event sets

There are two additional windstorm hazard event sets published by
WISC that are however not analysed in detail in this study.

1. The operational windstorm hazard event set — denoted “WISC
operational” — contains around 110 windstorm events in 1979—
2017 and thus more recent events than the windstorm hazard
event set WISC historic used in this study, which contains
windstorm events until 2014 only. WISC operational is based on
a new generation of atmospheric reanalysis, the ERA5 reanalysis
(Hersbach & Dee, 2016). As it does not cover the time range
1940-1979 (compared to WISC historic), it does not
complement the recorded damages by providing information
about historic events not covered by GVZ’s claims database.

2. The synthetic windstorm hazard event set — denoted “WISC
synthetic” — was created within the UPSCALE (UK on PRACE
— weather-resolving Simulations of Climate for globAL
Environmental risk; UPSCALE, 2020) modelling framework and
Is a physically realistic set of plausible winter windstorm events
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in the period 1985-2011 based on the climatic conditions of that
period. The modelling framework developed five ensembles.
The dataset contains wind gust footprints for around 23 000
synthetic windstorms: i.e. three sets of 7660 events each. Each
of the three sets covers 135 modelled years. The original idea of
the hazard event set WISC synthetic was to use wind information
from climate models to provide wind gust footprints for winter
windstorms in Europe with a return period of 250 years or even
higher. However, this hazard event set was not considered
because the findings of (Roosli et al., 2018) could be replicated
in this study, showing that the dataset does not contain the
maximum wind gust speeds we would expect from the
distribution of the historic windstorm hazard events (Figure 25)
nor the high intensities we would expect from very rare, high-
impact windstorm events (Figure 13).

For a detailed description of all unused windstorm hazard event sets
provided by WISC, we refer to the documentations available online at
WISC products (WISC, 2019) and WISC hazard event set description
(Hamish Steptoe, 2017).
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Figure 13 Maximum wind gusts for every grid cell in the canton of Zurich (i.e., windstorm
footprints) for the most damaging events in (a) “WISC historic”, (b) “WISC synthetic”, and
(c) “WISC probabilistic extension”. The urban areas of the two main cities Zurich (left) and
Winterthur (right) are marked in blue.
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Probabilistic windstorm hazard extension

Based on WISC historic, we generated an additional probabilistic
windstorm hazard event set — denoted “WISC probabilistic extension”.
By applying a method described in Schwierz et al. (2010), the
individual windstorm events in WISC historic (parent events) were
altered to create 29 altered offspring events by various perturbations:
e.g. spatial displacement and by weakening or intensifying the wind
speeds (non-altered wind speeds are spatially displaced only). The
spatial displacement was undertaken by shifting the respective
windstorm footprint by about 20 km to the north, south, west, or east.
The wind gust speeds were intensified and weakened by no more than
3ms? (normally much less) according to the probabilistic alteration of
wind speeds in Eq. (8), with a scale parameter o = 0.0225 and a power
parameter 3 = 1.15 (choice explained further below):

. R . B
Wlndspeedscenario 1= Wlndspeedoriginal +ax Wlndspeedoriginal
Windspee‘iscenario 2= Windspeeduri inal — & * Windspeeduri inalﬁ

. . Bl .
windspeedcenario 3 = Windspeed yigina + @ *_ |windspeed, igina
D —— (8)
Windspeedscenario4 = Windspeedoriginal —a* Windspee‘ioriginal
. . a boa g
windspeedscenarios = Wlndspee‘ioriginal_z * Wlndspeedoriginal - E * Wlndspeedoriginal

These newly created “probabilistic” footprints can be viewed as
scenarios of plausible windstorms as they only differ slightly from
historic events, retaining both the spatial extent and general structure.
In countries close to the sea or with a pronounced and high topography,
the methodology for creating the probabilistic events might need
adaptation to better incorporate the difference in surface roughness and
altitude.

For using the scenarios in a qualitative risk assessment framework, the
probabilistic windstorm footprints can be used as they are, but for a
quantitative risk assessment the frequencies of the windstorm
footprints need to be estimated. In an effort to assign reasonable
frequency estimates to the probabilistic windstorm footprints, we
considered the distribution of the historic, pan-European Storm
Severity Index (SSI; formula used by Dawkins et al., 2016; further
information in Lamb & Frydendahl, 1991; Leckebusch et al., 2008).
Similar to in Schwierz et al. (2010), the algorithm of creating the
probabilistic windstorm footprints was configured to recreate the
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cumulative distribution function of a generalized extreme value (GEV)
distribution fitted to the historic SSI values. We defined the frequency
of all probabilistic windstorm footprints to be equal and to sum up to
the frequency of the parent windstorm. We then selected a set of
parameters for weakening and intensifying the wind speeds
(parameters and in Eq. (8)) that resulted in a similar probabilistic
distribution of SSI as the extrapolated distribution from the historic SSI
values. For the probabilistic hazard event set to best represent the tail
of the historic distribution, we determined a combination of o and 8
that minimizes the difference in the cumulative distribution functions
for events that have a return period of>75 years.

WISC probabilistic extension includes footprints for 4118 probabilistic
windstorm events, along with the 142 original windstorm events in
WISC historic (Table 2), and provides a basis of an event-based risk
assessment for winter windstorms with return periods of around 250
years, a scenario relevant for regulatory requirements in the insurance
sector. It is important to note that this method incorporates a lot of
uncertainty, including but not limited to the sampling uncertainty of
rare events in a relatively short time range (i.e. 75 years in the case of
WISC historic).

Encouragingly, the hazard event set WISC probabilistic extension
shows considerably higher wind gust speeds in the canton of Zurich
compared with WISC synthetic (Figure 13). Nonetheless, the
maximum wind gust speeds of the most extreme event in WISC
probabilistic extension are not considerably higher than those of
Lothar—Martin, the most extreme event in both WISC historic and the
insurance claims data.

Observed footprints for current windstorms

Real-time wind gust observations can serve as the hazard part of the
damage model for a rapid damage estimation directly after the
occurrence of an extreme windstorm event. Such “observed”
windstorm footprints can also be used for further validation of GVZ’s
damage modelling approach (Sect. 4.2.3). To create such footprints, we
used interpolated wind gust measurements in the canton of Zurich
based on the Common Information Platform for Natural Hazards (GIN;
GIN, 2019) for a selection of seven winter windstorms in the years
2017 and 2018. With the exception of winter windstorm Burglind
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hitting Switzerland on 3 January 2018, the windstorms considered
caused only minor damages in the canton of Zurich. The individual
windstorm footprints are based on a total of around 110 measurement
stations in the canton of Zurich and in the immediate vicinity (i.e.
buffer zone with a distance of 20 km around the polyline of the canton).
For spatial interpolation, we applied an inverse distance weighting
(IDW) interpolation with the Shepard method used for weight
calculation. In this study, the gridded wind gust footprints derived from
measurements have a horizontal resolution of 2 km. The topography of
the canton of Zurich is not considered in the applied interpolation
method and unquestionably the quality of the derived windstorm
footprints could be improved by using a more elaborate interpolation
method, which takes account of the topography.

4.2.3 Damage modelling approaches

The windstorm footprints of the different hazard event sets described
in the previous section were used as input for damage modelling, and
GVZ’s proprietary windstorm damage model was applied for this
(Sect.”GVZ damage model”). In addition, the CLIMADA impact
model was used to be able to publish the method used in this study with
open data and open-source code (Sect. “CLIMADA impact model™).

In both damage models, the extent of damage results from the intensity
of the windstorm event (i.e. hazard), the value of the asset (i.e.
exposure), and the susceptibility of the asset to damage (i.e.
vulnerability). This concept is broadly used and is explained in more
detail in Aznar-Siguan & Bresch (2019). In this study, the windstorm
hazard assessment is based on the winter windstorm footprints
described in Sect. 4.2.2. The exposure is the value of the buildings in
the canton of Zurich, and the vulnerability is described by a functional
relationship that defines how much the buildings are damaged at a
certain wind gust speed. In both damage models, we use the
vulnerability curve of (Schwierz et al., 2010). This vulnerability curve
combines the damage degree and the percentage of assets affected.
Only damage to buildings is estimated. The estimate does not include
damage to movable property, damage to infrastructure, or business
interruption.
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GVZ damage model

The damage estimates in this model are computed using a rather
conventional modelling framework, and the reduced complexity of the
approach allows an interpretable assessment of the model skill.
Normally, GVZ uses its damage model directly after the occurrence of
a windstorm event to estimate the expected building damage.
Furthermore, GVZ applies the damage model to estimate the damage
potential and the risk associated with windstorms with regard to
solvency considerations and prevention options. The main points of the
modelling approach are described in the following.

The initial step is a simple spatial overlay of the gridded maximum
wind gust speeds during the respective windstorm event with GVZ’s
current building stock (from 2018; without sublevel garages, as they
are usually not affected by windstorms), where GVZ’s proprietary
building database with information about the sum insured of each
building and the publicly available building footprints (GIS browser
Zurich, 2019) were used. GVZ’s insurance penetration in the canton of
Zurich is almost 100 %. In the damage model, damage is possible from
a wind gust speed of more than 90 km h%, and only buildings affected
by such gusts were considered in the following modelling steps.

Figure 26 shows the spatial distribution of all insured buildings in the
canton of Zurich as well as of the total sum insured at the municipal
level. The aggregated sum insured for all buildings in the two main
cities, Zurich and Winterthur (municipal boundaries indicated by blue
polygons), accounts for almost 40% of the total insured value for the
entire canton.

To estimate the damage in monetary terms, the value of each individual
building (i.e. its insured value) was multiplied by the factor “mean
damage degree” (MDD, a number between 0 and 1) calculated from
the vulnerability curve of Schwierz et al. (2010), where the gust speeds
at building level computed in the first step were converted into the
corresponding MDD factors. The MDD factors are a non-linear
function of the maximum wind gust speed during a windstorm event
and are diagrammed in Welker et al. (2016). The same vulnerability
curve of Schwierz et al. (2010) is also implemented in the open-source
impact model CLIMADA (Aznar-Siguan & Bresch, 2019).
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In the next step of the damage model, the probability of buildings
affected is calculated with a stochastic approach. The respective
windstorm event was automatically categorized according to its
severity (here, according to the 95th percentile of all gust speeds at
building level in the affected region of the canton of Zurich), from
which the assumed degree of impact is derived. The degree of impact
for the different windstorm categories (i.e. a percentage of total
affected buildings for the canton of Zurich, m) was derived from
proprietary event damage data from GVZ’s database. Then, a random
sample of m buildings was selected, with the number m depending on
the windstorm’s severity. Only buildings with MDD>0 were
considered, i.e. only those buildings with potential damage>0. For the
selected buildings, the amount of damage at building level was summed
to obtain the total damage for the entire canton. This procedure of
random sampling was repeated 1000 times, giving a total damage range
for each windstorm event. Unless otherwise stated, for each windstorm
the median of the damage distribution is given hereinafter.

CLIMADA impact model

The windstorm damage model in the open-source risk assessment
platform CLIMADA relies on open data only, and that is why it
deviates in some aspects from GVZ’s approach described above. As
the windstorm hazard component is open, it is identical to the hazard
input used in the case of the GVVZ damage model. The exposure is based
on public data instead of GVZ’s proprietary portfolio information.
CLIMADA uses produced capital for Switzerland published by the
World Bank (2018) as the total value of physical assets for Switzerland
and further uses a combination of nightlight intensity and population
density to create a reliable geographical distribution of the assets
(Eberenz et al., 2020). The resulting values are then distributed to
building footprints from OpenStreetMap (OpenStreetMap, 2021).
Analogous to the GVZ damage model, CLIMADA uses the MDD
curve of Schwierz et al. (2010). Instead of a random resampling of
affected buildings, the MDD factor is combined with the deterministic
factor “percentage of assets affected” (PAA).

As the total value of the exposure is different between the GVZ

exposure, the CLIMADA exposure, and the exposure used in Schwierz

et al. (2010), the MDD and PAA factors might be wrongly scaled for

this study. In the CLIMADA model setup used, we adjusted for this by
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linearly scaling the MDD and PAA factors to reduce the difference of
the modelled damages and the insured damages for matching events
(i.e. by minimizing the root-mean-square deviation, RMSD). This
adjustment conserved the shape of the original vulnerability curve.

The CLIMADA impact model and the GVZ damage model have a
different sensitivity to the hazard intensity: in CLIMADA, damage is
possible for a wind gust speed of 72 km h* (20ms™) and above and in
the GVZ damage model for 90 km h (25ms™) and above.

4.2.4 Assessment of potential windstorm damage and risk

Risk is defined here as the product of the extent of damage and the
probability of damage. The probability of damage is driven, on the one
hand, by the probability that the building is within the area of high wind
gust speeds and, on the other hand, by the return period of the
windstorm event. The probability that the building is within the area of
high wind gust speeds is incorporated in the modelled damage amount
by the spatially explicit modelling approach and the vulnerability,
which includes the percentage of assets affected (in the case of
CLIMADA). The return period or frequency of windstorm events is
derived from the hazard event sets. Return periods express the
probability of occurrence of windstorm events (e.g. an event with a
return period of 250 years is expected on average every 250 years).

There are several risk assessment metrics that can be calculated with a
set of event damages, which are the main result from the damage
modelling described above.

Average annual damage

The average annual damage (AAD) is an important risk measure in the
insurance industry. It describes the risk from all events reported on an
annual basis:

sum of all event damages

AAD = —
time range covered by event set )

= Z event damage; * annual frequeny;

event i
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Exceedance frequency curve

Using the annual frequencies of the events in a hazard event set, it is
possible to determine at what frequency a certain damage amount is
exceeded. The largest damage amount is exceeded once in the time
range covered by the damage event set, the second largest damage
amount is exceeded twice, the third one thrice, and so on. The
exceedance frequency curve shows the damage amount as a function
of exceedance frequency. For large damage amounts, this matching
typically relies on only a few damage events, which increases the
sampling uncertainty.

Pareto pricing

In the insurance industry, the concept of “Pareto pricing” is a simple
approach to represent and extrapolate the distribution of a damage
event set to define the price of insurance contracts (Mitchell-Wallace,
2017). We imitated this pricing method by fitting a generalized Pareto
distribution (GPD) to damage event sets using a maximum likelihood
estimate (MLE). We do this even though some assumptions in
statistical theory are not valid for these datasets (e.g. windstorm
damage event sets are clustered, which breaks the independence
assumption), as we use the GPD only to show the underlying sampling
uncertainty. To fit a GPD to a damage event set, only the threshold has
to be chosen. We chose a threshold for each damage event set, which
results in a parameterized GPD with similar exceedance frequencies for
the largest damage amount in the event set. For the insured damages
we chose a threshold of CHF 0.4 million and for the modelled damage
event set based on WISC historic we chose a threshold of CHF 0.1
million. By using the percent point function (the inverse of a
cumulative distribution function) on the fitted distributions, an
exceedance frequency curve for the fitted distribution was calculated.

To illustrate the uncertainty of the exceedance frequency curve, we
undertook a resampling and thereby show the sampling uncertainty for
each damage event set. In the resampling, we generated 200 random
samples from the fitted distribution and used the MLE to fit a GPD to
each random sample. The exceedance frequency curves of these
resampled distributions illustrate the sampling uncertainty, especially
for rare events with a high return period. We show the 90% confidence
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interval of damage amounts for each exceedance frequency, which
spans from the 5th percentile to the 95th percentile of the 200 samples.

In the case of the damage event set computed on the basis of WISC
probabilistic extension, the uncertainty is best illustrated by the
sampling uncertainty of the damage event set based on WISC historic
for the following reasons. The procedure of computing the hazard event
set WISC probabilistic extension by statistical perturbation (as
described in “Probabilistic windstorm hazard extension” in Sect. 4.2.2)
transforms part of the sampling uncertainty of the hazard event set
WISC historic into an uncertainty of the parameters a and B in Eq. (8).
However, this parameter uncertainty is difficult to illustrate, since no
combination of o and  could be found which adequately represents the
upper and lower boundaries of the sampling uncertainty of the pan-
European SSI distribution. Additionally, the sampling uncertainty of
WISC probabilistic extension no longer represents the same
uncertainty as in the case of the other damage event sets. Thus, for the
purpose of comparing the uncertainties of the different damage event
sets, we suggest using the sampling uncertainty of WISC historic as the
best illustration of the uncertainty of WISC probabilistic extension.

However, for certain applications in the insurance industry the tail view
of WISC probabilistic extension is an important feature of the dataset.
The sampling uncertainty of WISC historic is too large to provide, for
Instance, a comparison criterion between two different exceedance
frequency curves from different models. Therefore, we propose
illustrating the probabilistic content of WISC probabilistic extension
by using bootstrapping of all probabilistic damage events. In this way,
a “probabilistic envelope” around the best-guess exceedance frequency
curve can be determined (see also Sect. 2.4.2). This way of illustration
shows how the problem could be addressed in practice, knowing well
that it does not illustrate the full uncertainty. In contrast to the sampling
uncertainty, the probabilistic envelope could represent something like
the “represented uncertainty”. In the approach applied, we firstly
bootstrapped (random sampling with replacement, number of samples
is 100) the historic damage events and then used these samples to create
an ensemble of probabilistic damage event sets. Secondly, for each new
probabilistic damage event set, we randomly bootstrapped (number of
samples is 20) the equivalent of 500 years of windstorm events and
built an exceedance frequency curve for each sample. From this set of
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double-bootstrapped damage event sets (total number of samples is
2000), we then calculated the span between the 5th percentile and the
95th percentile for each exceedance frequency to illustrate the envelope
of the probabilistic content.

4.3 Results
4.3.1 Single events

The damage due to Lothar—Martin is by far the largest windstorm event
damage in GVZ’s insurance claims database (Figure 27a): Lothar—
Martin caused insured damages of CHF 62.4 million. Lothar—Martin is
the most damaging windstorm event in the canton of Zurich in both the
34-year period of insurance claims data and the 75-year period of
WISC historic. The damages modelled with the GVZ damage model
range between CHF 58.0 million and CHF 69.0 million, and the median
of all modelled damages amounts to CHF 62.7 million (Figure 27Db).
For Burglind, the most damaging event of the “observed footprints”,
the modelled damages range between CHF 10.4 million and CHF 14.5
million, with a median of CHF 12.0 million. For comparison, the
insured damages amount to CHF 14.2 million. Thus, damages
associated with intense windstorm events like Lothar—Martin or
Burglind are very well modelled with GVZ’s damage modelling
approach, providing confidence in the methodology. For all recorded
windstorm events since 1981 (including the additional seven
windstorms in 2017 and 2018), the RMSD between the insured damage
and the median modelled damage amounts to CHF 2.4 million.
Furthermore, the example of Burglind shows that our methodology of
creating windstorm footprints on the basis of interpolated wind gust
observations (“Observed footprints for current windstorms” in Sect.
4.2.2) is suitable for present and probably also for future windstorm
events.

4.3.2 Average annual damage

The average annual damage (AAD) calculated based on the insured
damages (i.e. the mean damage over the observational period of 34
years) is almost twice as high as the AAD computed on the basis of
WISC historic (Table 3). Several factors contribute to the fact that the
AAD is higher for the insured damages than for the modelled damages
based on WISC historic: (i) the occurrence of the very intense event
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Lothar—Martin, along with other intense events, in the relatively short
available period of insurance claims data (Figure 27a), (ii) the higher
damages of events in the 5-year-return- period range (Table 3), and (iii)
the different number of events per year considered. The hazard event
set WISC probabilistic extension was created to best represent the low-
frequency tail of the pan-European SSI and not the full distribution of
(high-frequency) damages in the canton of Zurich. Nevertheless, the
modelled AAD based on the GVZ damage model and WISC
probabilistic extension is close to the AAD of WISC historic.

Table 3 Annual average damage (AAD) and event damage for different return periods (RP)
and the windstorm event Lothar-Martin on the basis of insurance claims data and modelled
damages using the GVZ damage model and the hazard event sets “WISC historic” and
“WISC probabilistic extension”, respectively.

Event Event Event Event Event

Auvailable damage damage damage damage damage
AAD ; - - - due to
years [CHEm] with 5-year  with 10- with  50- with  250- Lothar/
(period) ’ RP year RP year RP year RP Martin
[CHFm]  [CHFm] [CHF m] [CHF m] [CHE m]

Insurance ?f981- 23 0.6 11 - - 62.4

claims data 2014) ' ' ' '

« 75

s (1940- 14 0.2 13 31.4 - 62.7
2014)

“WISC R

probabilistic 2,220 14 0.2 13 17.0 746

(30*75)

extension”

4.3.3 Assessment of risks due to extreme windstorm events

Figure 14 shows GVZ’s windstorm risk assessment of building
damage, including uncertainty, on the basis of all available data
sources. Based on the insurance claims data only, the return period for
the extreme windstorm event Lothar—Martin is estimated to be 34 years
(blue squares). Based on WISC historic, the return period for Lothar—
Martin is estimated to be 75 years (yellow dots). Based on the hazard
event set WISC probabilistic extension and using GVZ’s approach for
damage modelling, the return period for a damage amount due to
Lothar—Martin would be around 125 years (red diamonds). These
estimates represent the best guess for each damage event set. It is
important to note that the quantified sampling uncertainty of the
estimate for the return period of Lothar—Martin based on WISC historic
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(yellow ribbon, 25 to > 500 years) incorporates both the estimate for
the insurance claims data (blue ribbon) and the estimate based on WISC
probabilistic extension.

The extrapolated event damage with a return period of 250 years
amounts to about CHF 500 million for WISC historic, and using the
same method for the insured damages the extrapolated 250-year-event
damage would be even higher, around CHF 2.4 billion (yellow and blue
lines in Figure 14). Contrary to this, the 250-year-event damage
amounts to only about CHF 75 million in the case of the hazard event
set WISC probabilistic extension (red diamonds). The 90% confidence
interval, which represents the sampling uncertainty of the extrapolation
of the damage exceedance frequency, based on WISC historic provides
a range for the 250-year-return-period damage of CHF 19 million to 33
billion (yellow ribbon). As WISC probabilistic extension is based on
the same historic information, this sampling uncertainty also applies to
its results. At a return period of 250 years, the quantified uncertainty of
the estimate based on WISC historic incorporates both the estimate for
the insurance claims data and the estimate based on WISC probabilistic
extension.

An interesting feature illustrated in Figure 14 is that at higher return
periods the modelled damages on the basis of WISC probabilistic
extension increase less strongly compared to the two extrapolations
based on the fitted distributions. Evident “jumps” in the modelled
damage (e.g. at return periods of approximately 30, 70, and 90 years)
result from the discrete categorization of the individual windstorm
events and the assumed degrees of impact as applied in GVZ’s damage
modelling approach (“GVZ damage model” in Sect. 4.2.3).

The red ribbon in Figure 14 shows a possibility of illustrating the
probabilistic envelope for the modelled damages based on WISC
probabilistic extension and the GVZ damage model, according to a
bootstrapping approach as described in Sect. 2.4.3. As expected, the
probabilistic envelope for WISC probabilistic extension is much
smaller than the range of sampling uncertainty for WISC historic
(yellow ribbon).
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Figure 14 Exceedance frequency curves for building damages in the canton of Zurich based
on different data sources. The blue squares indicate the insured damages according to
GVZ’s database (excluding the additional windstorms in 2017 and 2018), the blue solid line
represents a GPD fitted to the insured damages, and the blue ribbon is the 90-% confidence
interval produced by resampling. The yellow dots, solid line, and ribbon are analogous to
the blue, but for the modelled damages based on “WISC historic” and the GVZ damage
model. The red diamonds (green triangles) show the exceedance frequency curve of the
modelled damages based on the hazard event set “WISC probabilistic extension” and the
GVZ damage model (CLIMADA). The red ribbon shows the probabilistic envelope for the
modelled damages based on “WISC probabilistic extension” and the GVZ damage model
computed by applying a bootstrapping approach as described in Sect. 2.4.3. The insured
total damage for Lothar-Martin is shown by a blue dashed horizontal line, and the 250-year
return period is indicated by a grey solid vertical line.

4.3.4 Reproducibility of the results using CLIMADA

In general, GVZ’s proprietary windstorm damage model is suitable for
correctly simulating building damage in the canton of Zurich (see
Figure 15 and Figure 27, and Sect. 4.3.1). Using the calibrated
CLIMADA impact model for windstorm damage modelling is also
suitable and the corresponding RMSD amounts to CHF 1.5 million for
all recorded windstorm events since 1981 for which WISC wind gust
footprints are available (excluding the additional windstorms in 2017
and 2018). The statistics in Table 3 calculated using the GVZ damage
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model were also calculated using the CLIMADA impact model and the
results can be found in Table 5. In summary, it can be stated that the
setup of the two damage models applied works well and replicates the
order of the events, provides a reasonable modelled damage for historic
events (compared to insurance claims data), and both RMSDs are
sufficiently good.

The exceedance frequency curve of the modelled damages based on
WISC probabilistic extension and the CLIMADA impact model (green
triangles in Figure 14) show in general lower values compared to the
damage modelling using the GVZ approach (red diamonds), in
particular for return periods between 30 and 70 years. This difference
Is also reflected in the scatter plots in Figure 15, where in Figure 15a
the GVZ damage model shows an overestimation of the damage
amount due to the windstorm event Vivian—Wiebke (with insured
damage of approximately CHF 11 million), whereas the CLIMADA
Impact model shows an underestimation for the same event. The reason
for this over- and underestimation of the damage in the case of events
such as Vivian—-Wiebke could be due to the hazard or exposure part of
the respective model but is more likely due to the applied vulnerability
curve itself. Apparently, the two damage models perform differently
for windstorm events in a medium-intensity category. This difference
between the two models also becomes evident regarding the AAD risk
metric: the AAD of the CLIMADA impact model with WISC historic
amounts to CHF 1.1 million (Table 5) and is thus almost a third smaller
than the AAD associated with the GVZ damage model (CHF 1.4
million). In addition, the curve of the modelled damages is much
smoother in the case of CLIMADA (Figure 14), which can be
explained by the fact that in CLIMADA the smooth curve of the PAA
factors is used. This shows the importance of the applied vulnerability
curve in the presented damage modelling approach.
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Figure 15 2d-histograms for the normalised insured total damages in the canton of Zurich
versus the modelled total damages based on (a) the GVZ damage model (diamonds) and
(b) the CLIMADA impact model (triangles), respectively, for all windstorms with damage > 0
in the hazard event set “WISC historic”. Marginal histograms are shown in the top and right
panels.

4.3.5 Rapid damage estimation

Rapid damage estimation directly after a windstorm event is very
useful for insurance companies to get a first rapid assessment of the
damage to be expected and to assign their staff accordingly. For current
windstorm events, the GVZ does this using its damage model and the
wind gust footprints based on observed footprints (“Observed
footprints for current windstorms” in Sect. 4.2.2). The 95th percentile
of the wind gust speeds at building level in the affected region of the
canton of Zurich, which is also used in GVZ’s damage model to
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categorize windstorm events (“GVZ damage model” in Sect. 4.2.3), is
used as a rapid indicator of the range of possible damages. This process
Is illustrated in Figure 16. With the help of the dataset WISC
probabilistic extension, assessments can also be made about potential
damages from unprecedented, extreme windstorm events. The
uncertainty of the damage assessment for such extreme events can be
visualized by the large number of available (extreme) events. In total,
WISC probabilistic extension contains 17 events which are potentially
more damaging than Lothar—Martin. A (modelled) total damage
amount of more than CHF 96 million is associated with the most
extreme windstorm event in WISC probabilistic extension (Figure 13).
Thus, this windstorm is potentially about 1.5 times as damaging as
Lothar—Martin.

Figure 16 further shows, by the length of the red bars, the stochastic
component in GVZ’s damage modelling approach, which tries to
approximate the random selection as not every building is equally
affected during a windstorm event (“GVZ damage model” in Sect.
4.2.3). The range of modelled damages (length of red bars) increases
with increasing wind gust speed. On the other hand, the quotient of the
range of modelled damages and the median of the damage distribution
(red points) generally decreases with increasing wind gust speed.
Jumps in the modelled damage (e.g. for wind gust speeds lower than
126 km h) again result from the discrete categorization of the
individual windstorm events in the GVZ damage model.

The absolute difference between the modelled damage amount and the
corresponding value of the regressed relationship (red points and solid
red line in Figure 16) generally increases with increasing wind gust
speed. Accordingly, the number of available wind gust footprints
decreases with increasing wind gust speed.
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Figure 16 Total damage modelled using the GVZ damage model and the hazard event set
“WISC probabilistic extension” versus the 95th percentile of the corresponding gust speeds
in the affected region of the canton of Zurich (median of 1°000 random damage modelling
as red points; range of modelled damages indicated as red bars). The 95th percentile of the
gust speeds is shown, because the 95th percentile is used in GVZ's damage model to
categorise windstorm events (Sect. 2.3.1). The relationship between wind gust speed and
modelled total damage is further approximated by a locally estimated scatterplot smoothing
(LOESS) and a bootstrap method (i.e., random resampling with replacement, number of
samples = 1°000; median of confidence interval given as solid red line). Furthermore, the
relationship between gust speeds and normalised insured total damages based on “WISC
historic” and independent, interpolated wind gust observations (selection of windstorms in
2017 and 2018, including winter windstorm Burglind) are given as blue squares and yellow
diamonds, respectively. The domain for unprecedented windstorm damages - i.e. beyond
Lothar-Martin - is shaded grey.

4.4 Discussion

Any information about the historic risk of winter windstorms in the
canton of Zurich contains the record of the event Lothar—Martin. As
this is the most damaging event in the record by far, the general risk
assessment is connected to the assessment of the return period of this
event damage, which will always be uncertain. We argue that the return
period based on the historic windstorm footprints (75 years) is much
more reliable than the return period based on the insured damage record
(34 years). Well aware of the fact that the two estimates each have
overlapping uncertainties, the estimates do not contradict each other.
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Rather the estimates, as best guesses, can inform varying deterministic
risk views. Other information, like the return period of Lothar—Martin’s
damage amount based on WISC probabilistic extension anan
independent catalogue of historic windstorms in Switzerland by Stucki
et al. (2014) suggest that the return period of such a damage amount
could be even rarer than 75 years. This clearly shows the added value
that GVZ achieves in its risk assessment through applying the WISC
wind data compared to using insurance claims data only — and, above
all, through the additional dataset WISC probabilistic extension. The
return period of extreme windstorm events such as Lothar—Martin can
now be assessed more reliably.

The windstorms Lothar and Martin affected, in addition to Switzerland,
in particular France, Belgium, Luxembourg, and Germany. The
original industry damages associated with Lothar and Martin amount
to approximately EUR 5.8 billion and 2.5 billion, respectively (PERILS
AG, 2021). The return period for exceeding the damage amount due to
Lothar alone in all of Europe was estimated to be 15 years by Munich
Re (2002), and the return period for the cluster of the three windstorms
in December 1999 of Anatol (3 December 1999), Lothar, and Martin
was estimated to be between 22 and 45 years (Zimmerli & Renggli,
2015). This study shows that it is important to make a distinction
between the return period of an event like Lothar—Martin in all of
Europe and the return period of this event locally, in a relatively small
region. The damage modelling shown in this study, using the event set
WISC historic and the local exposure information, enables a much
more reliable derivation of the return period specific to GVZ than the
existing scientific work is able to provide.

Based on WISC historic and the GVZ damage model, the average
annual damages for building damage in the canton of Zurich amounts
to CHF 1.4 million according to our calculation, and we argue that this
is the best available estimate for the AAD. However, this estimation is
still uncertain due to the high sampling uncertainty, the uncertainty
associated with the assessment of the event Lothar—Martin, and the
uncertainty with regard to the damage modelling itself. For
comparison, in the last 10 years GVZ has experienced yearly damages
from all natural hazards of CHF 16 million and additionally yearly
damages by fire of CHF 42 million (all numbers from 2018; GVZ,
2018). Compared to the risk from these hazards, the estimated AAD
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from winter windstorms of CHF 1.4 million is relatively small.
However, the occurrence of windstorm events such as Vivian—-Wiebke,
Lothar—Martin, and Burglind has shown that single windstorms are
able to cause huge damage amounts and they are consequently an
Important causal element when assessing capital requirements.

Insurance companies undertake their business under a strict regulatory
environment, and having enough capital to cover rare events is one of
the regulatory requirements. The damage amount reached on average
every 250 years is an often-mentioned indicator for such a rare event.
However, the insured damages and also the modelled damages based
on WISC historic do not span a long enough period by far to make an
empirical prediction of a damage amount with a return period of 250
years. All methods of extrapolation from these datasets suffer from
sampling uncertainty (shown as confidence intervals in Figure 14). The
hazard event set WISC probabilistic extension uses the distribution of
pan-European SSI values to create a set of probable events with higher
return periods than WISC historic. The uncertainty of the return periods
of such events cannot however considerably be reduced compared to
WISC historic, because it relies on the same historic information. The
fact that the probabilistic envelope for the modelled damages based on
WISC probabilistic extension (red ribbon in Figure 14) does not cover
the full range of the sampling uncertainty for the modelled damages
based on WISC historic (yellow ribbon) shows two things: on the one
hand, it shows the tail view, which is possible with the help of WISC
probabilistic extension for certain applications in the insurance industry
for instance; on the other hand, it reveals the limitations of the statistical
perturbation, which is used in the generation of WISC probabilistic
extension, to fully represent the sampling uncertainty of the underlying
historic data. Despite this mismatch, it can nevertheless be important to
study the sensitivity of the 250-year-returnperiod damage to changes in
the portfolio (like growth or changed building codes), changes in the
deductible, or other changes. WISC probabilistic extension provides
windstorm footprints of events with a return period of 250 years (and
more) that allow the modelling of damages with changes in the
exposure or the vulnerability. In future studies, the information from
dynamical models, which are run for many model years, would help to
further reduce the sampling uncertainty compared to this study.
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It comes as no surprise that the choice of the vulnerability curve in the
damage modelling approach applied strongly influences the results of
the damage estimation (e.g. Koks & Haer, 2020), and unsurprisingly
no optimal “one-size-fits-all” vulnerability curve exists. Every damage
model behaves differently, not least because different vulnerability
curves are used and each of the damage models has been calibrated
differently. The vulnerability curve of Schwierz et al. (2010) is based
on movable property and building damages associated with European
winter windstorms. The rather general function does not make a
distinction between building types, in contrast to other available
functions (e.g. Feuerstein et al., 2011). For a modelling setup with
focus on the hazard, the vulnerability curve of Schwierz et al. (2010) is
however suitable and was successfully applied in earlier studies (e.g.
Stucki et al., 2015; Welker et al., 2016). The function does not require
detailed information regarding the values at risk, which is certainly an
advantage for such insurance and reinsurance companies that do not
have detailed exposure data for their damage modelling. A
disadvantage of the used vulnerability curve is that it does not
implicitly provide a quantification of the uncertainty as a probabilistic
vulnerability curve would (e.g.Heneka & Ruck, 2008; Prahl et al.,
2012). The quantification of the uncertainty of exposure and
vulnerability information was generally omitted in this study to focus
on the comparison of the claims and hazard datasets. But of course, for
comparison of the presented risk numbers with other studies, the
uncertainty of the vulnerability and exposure information play a bigger
role. The vulnerability assumed in this study and the corresponding
hazard intensity only consider the maximum gust speeds during an
event and not the duration of high wind gusts within a windstorm event,
which can however have a major impact on the damage to be expected.
Taking the windstorm duration into account (e.g. Etienne & Beniston,
2012) could improve our damage modelling, and it is planned to
implement this in a future version of GVZ’s damage model.
Furthermore, it is not considered that buildings are partially adapted to
local wind conditions (e.g. multi-storey buildings or exposed buildings
located on mountaintops).

Not every building is equally affected during a windstorm event. To
take that into account, in the GVZ damage model a random resampling
of affected buildings was applied according to an assumed degree of
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Impact (red bars in Figure 16). The assumed degree of impact was
derived according to the respective severity category of the windstorm.
This severity categorization and the assumed degrees of impact are
inevitably relatively rough in GVZ’s current model setup, because the
assumptions are based on insurance claims data from only a few past
windstorm events in the canton of Zurich. With every further
windstorm, these assumptions will however become more reliable in
the future. In contrast, the deterministic PAA values (Schwierz et al.,
2010), as used in the CLIMADA impact model, are much smoother and
thus allow smooth damage modelling (Figure 14). However, these
values are not specific for windstorms in the canton of Zurich and they
do not allow a stochastic sampling as in GVZ’s damage modelling
approach.

The rapid estimate of the damage potential in the event of extreme,
unprecedented windstorm events shown in Figure 16 is just one
example of how the WISC data and in particular the additional damage
event set WISC probabilistic extension can be used for insurance
applications. The idea was to be able to make a statement about the
damage to be expected simply based on available wind observations in
the area of the canton of Zurich. It is always important for insurance
companies to be able to give a damage assessment as rapidly as
possible after an event, not least when it comes to media inquiries.
However, one should keep in mind that the uncertainty shown does not
incorporate the full uncertainty of the damage estimate, but rather the
uncertainty that results from the random selection as not all buildings
are affected equally during a windstorm event. In a future study, it
would be interesting to quantify the full uncertainty of the rapid damage
estimate.

Not least, the WISC wind data enable insurance companies to evaluate
the variability and long-term changes of winter windstorms and their
associated damage since 1940. Besides a marked interannual and
decadal-scale variability of windstorms in the canton of Zurich, we find
a tendency for more intense windstorms since approximately the
middle of the 1980s (Figure 27d). One possible reason for this positive
trend is that WISC historic consists of two “parts” with different
databases: until 1979, the ERA-20C reanalysis (Poli et al., 2016) was
used for downscaling, followed by the ERAInterim reanalysis (Dee et
al., 2011). Furthermore, a change in the large-scale atmospheric
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dynamics has been observed in recent decades, which was conducive
to increased winter windstorm activity and intensity in Switzerland
(Welker & Martius, 2015). This change was accompanied by an
atmospheric circulation pattern resembling a southeastwardly
displaced winter North Atlantic Oscillation (NAO) pattern. Which of
the two reasons is dominant for the found positive tendency in winter
windstorm intensity and associated damages in the canton of Zurich
could not be finally clarified in the present study. Furthermore, how
winter windstorm activity and intensity in mid-latitude Europe will
change in a future warmer climate is still uncertain (Catto et al., 2019).

4.5 Conclusion

This study is an example of how a regional building insurance company
in Switzerland uses the open database of European windstorm event
sets provided by WISC in combination with a probabilistic extension
for their assessment of potential building damages and risks as a result
of extreme winter windstorm events, including an evaluation of the
uncertainties. The windstorm event Lothar—Martin in December 1999
Is the most damaging event in both the insurance claims data and WISC
historic (damage of more than CHF 60 million). The average annual
damage for building damages in the canton of Zurich is CHF 1.4
million, computed based on WISC historic and the GVZ damage
model.

Both the insurance claims data and the modelled building damages
based on WISC historic are rather unsuitable for evaluating rare
windstorm damage events with return periods considerably exceeding
the observational period. The new hazard event set WISC probabilistic
extension projects a damage amount of approximately CHF 75 million
for a return period of 250 years, while the uncertainty for an
extrapolation to such return periods is still very large. However, the
probabilistic hazard event set allows for testing of the sensitivity of the
risk to changes in the insurance portfolio or in the insurance condition
(e.g. the deductible) for events of a higher intensity than the observed
historic events.

Our analysis is implemented in GVZ’s proprietary windstorm damage
model as well as in the open-source risk assessment platform
CLIMADA (Bresch & Aznar-Siguan, 2019). This guarantees scientific
reproducibility and offers insurance companies and other societal
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actors in Switzerland and the rest of Europe the opportunity to apply
the shown methodology to their own portfolio with a low entry
threshold. This study illustrates how open climatological data and
open-source damage models can be used to assess windstorm risks in
Europe and how this approach complements risk assessments based on
proprietary insurance claims data only.

There is a growing societal need for physical risk disclosure, not least
in the context of the Task Force for Climate-related Financial
Disclosure (TCFD; Westcott et al., 2020). The presented methodology,
in particular the combination of the WISC hazard data with the open-
source CLIMADA platform, can be used for such a disclosure report.
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5.1 Abstract

National meteorological and hydrological services issue warnings for
severe weather events, typically based on stakeholder agreed fixed
thresholds of meteorological parameters such as wind speeds or
precipitation amounts. Yet societal decisions on preventive actions
depend on the expected impacts of the weather event. In order to better
inform such preventive actions, meteorological services are currently
working towards including expected impacts into their warnings. We
developed an open-source impact forecasting system for building
damage due to windstorms in Switzerland. It combines a numerical
ensemble weather prediction model with exposure and vulnerability
data. This system forecasts expected building damage in Swiss Francs
with two days lead time on a 500 m grid or aggregated to administrative
regions. We compare the forecasted building damage with insurance
claims in the Canton of Zurich. For the majority of days with severe
winter windstorm damage the forecasted damage was in the right order
of magnitude, with one missed event and one false alarm. For
thunderstorms and foehn storms, the rate of missed events and false
alarms is much higher, most likely related to the limited meteorological
forecast skill. Such impact forecasts can inform decision-makers on
preventive actions, such as allocating emergency response and other
assets. Additionally, impact forecasts could also help communicating
the severity of the upcoming event to the general public as well as
indirectly help meteorological forecasters with taking warning
decisions.

Lnstitute for Environmental Decisions, ETH Zurich, Zurich, Switzerland
2 Federal Office of Meteorology and Climatology MeteoSwiss, Zurich, Switzerland
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5.2 Introduction

Weather extremes cause disasters worldwide, with over 2 million
deaths and over 3 trillion US$ economic damage associated with
weather, climate and water related hazards in the last 50 years (WMO,
2020). With ongoing Climate Change and socio-economic
developments a further increase of such impacts is expected (Bouwer,
2019).

Some of the negative impacts of weather extremes could be prevented
since many weather extremes were correctly forecasted, but preventive
measures were not taken (WMO, 2015a). For most National
Hydrological or Meteorological Services (NHMS) warnings from such
hazards are part of their mission (WMO, 2015a). NHMS use their
available observations and numerical weather prediction models to
forecast the weather hazard. The warnings are issued when the
predicted hazard intensity, such as temperature extremes, wind gusts,
rain or flood height, reaches a certain predefined, users agreed
threshold or have a rare frequency of occurrence based on historic
records. However the understanding and effectiveness of such
threshold based warnings is often limited. Ideally the communication
should include the impacts of approaching weather extremes to trigger
more preventive measures (WMO, 2015a).

Impact information focuses on the consequences of the weather rather
than the weather itself, by communicating the risk of an impact. For
this purpose, it is important to incorporate the exposure as well as
vulnerability in addition to the hazard, to arrive at the well-established
formulation for risk of impact (IPCC, 2012; WMO, 2015a; Aznar-
Siguan & Bresch, 2019). Exposure represents the population, or a
socio-economic resource, or asset that could be affected by the hazard;
vulnerability the susceptibility of the specific exposure to be affected
by the hazard (WMO, 2015a). This risk of an impact communicates
useful and directly actionable information to the recipient.

The impact information can be integrated into a warning system with a
varying degree. The World Meteorological Organization (2015)
differentiates between three paradigms. In the first paradigm, so-called
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hazard warnings (HbW), only the hazard information and no impact
information are considered as described as weather warnings above. In
the second paradigm, named impact based warnings (IbW), the
vulnerability information is used in addition to the hazard to formulate
potential impacts. In the third paradigm, the risk of impact is assessed
using both vulnerability and exposure information arriving at impact
forecasts (IFc) and impact warnings (IW). In this study, we focus on
the third, most comprehensive, paradigm.

It is useful to differentiate impact forecasts and warnings in two
additional dimensions. Firstly, the formulation of the risk of impact can
be qualitative descriptions, quantitative calculations or a combination
thereof. Secondly, the recipient of the information could be both the
general public and individual decision-makers. These two dimensions
mostly align in the current activities of NHMS. One direction is
focused on providing qualitative impact warnings to the general public,
whereas another is focused on providing quantitative impact forecasts
as targeted decision support to individual stakeholders (Uccellini &
Ten Hoeve, 2019).

Qualitative impact warnings issued for the general public are often
communicated as levels on a three to five step color scale. An example
is the UK Met office warning system that differentiates three warning
levels and that considers qualitative impact descriptions both in the
warning definition and the communication of the warning (Neal et al.,
2014; Lattimore, 2019). The benefits of communicating such
combinations of warning levels and impact information have been
assessed in survey-based studies: Weyrich et al. (2018) studied the
perception and understanding of such warnings using hypothetical
events. They found that both impact information and behavioral
recommendations better communicated the warning content compared
to meteorological information. Additionally, Weyrich et al. (2018)
stress the point that for the best perception of the weather situation the
communication of behavioral recommendation as well as a description
of the impact was needed. In a recent real-time study involving actual
weather events, these findings were put into question, but during the
study period no “very severe” weather event took place and the
explanatory power is thus limited (Weyrich et al., 2020).

The focus of this paper is quantitative impact forecasting, which
directly models socio-economic impacts with an individual stakeholder
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focus. Using specific and localized exposure data, the impact forecasts
and warnings are issued in the metric commonly used and best
understood by the stakeholder. Uccellini and Ten Hoeve (2019)
propose a closer collaboration between NHMS, that have the
knowledge about weather forecasts, and core partners, that decide on
preventive measures. Merz et al. (2020) summarized the current state-
of-the-art in impact forecasting for disaster risk management. He
concludes that the impact forecasting provides “richer information to
manage crisis situations”. With collaborations between different hazard
disciplines and research-user interactions, impact forecasting can have
additional benefits in a changing system, where extreme weather events
are expected to change as do exposure and vulnerability due to a rapidly
changing society (Merz et al., 2020).

The framework of modelling risk as a combination of exposure,
vulnerability and hazard is widely used in the insurance industry and in
climate change risk assessments (Schwierz et al., 2010; IPCC, 2012;
Aznar-Siguan & Bresch, 2019). The movement to include such a
framework for the production of impact forecasts and warnings can
profit from these other efforts by exchanging methods and experience.
Most of such natural catastrophe risk models are proprietary, but a
selection of open-source or free tools are available (among others:
Aznar-Siguan and Bresch, 2019; Oasis, 2018).

Most NHMS in Europe plan to incorporate impact information into
their warning systems. The practical side of implementing IbW was
studied in 32 European NHMS, where the NHMS self-assessed their
views and their status with regards to IbW (Kaltenberger et al., 2020).
Most NHMS plan to transition towards IbW over the next 5 years. A
bit less than half plan to use impact forecasting for individual users
according to Kaltenberger et al. (2020). However, challenges remain
on the practical side, which need to be resolved for a successful
implementation. Two thirds of the NHMS think they lack the IT
infrastructure to produce impact forecasting. Almost two thirds of the
NHMS do not systematically collect impact data and also do not
collaborate with partners to do so, but some collect field surveys after
disasters (Kaltenberger et al., 2020). Additionally, there might be legal
obstacles: although three quarters of the NHMS report not being legally
prevented from venturing into impact warnings, a third sees the
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responsibility for informing about impacts with another authority and
17% of NHMS face some sort of legal preventions.

Collaboration with partners is an important part of issuing IbW or IFc
and IW. NHMS need to start a dialog with the recipients about better
communication, but also about decision-making in a warning situation
and about sharing of impact data for a verification of the warnings
(WMO, 2015a; Uccellini & Ten Hoeve, 2019). Additionally, the
collaboration and due coordination with other warning providers is
important (Weyrich et al., 2019). The recipients of warnings prefer to
consult one platform to be informed not only about meteorological but
all natural, socio-natural and anthropogenic hazards (Dallo et al.,
2020). An example of such a collaboration between all relevant
providers of warnings is the Natural Hazard Partnership UK
(Hemingway & Gunawan, 2018) or the Steering Committee on
Intervention in Natural Hazards in Switzerland (Federal Office for the
Environment Switzerland, 2020). Such collaborations are described as
transdisciplinary research (Pohl et al., 2017). It is important to plan
sufficient resources to maintain the collaboration throughout the
project (Fischer et al., in preparation).

In this paper, we focus on the quantitative IFc of one particular hazard
type: winter windstorms (Section 5.2.1). We study building damages
as an example of socio-economic impact (see Section 5.2.2).

9.2.1 Impact modelling and impact forecasting of winter windstorms

Impact models for storm damages are successfully applied for risk
assessments (e.g., Koks & Haer., 2020; Welker et al., 2021), climate
change risk (e.g., Schwierz et al., 2010; Donat et al., 2011) and single
event case studies (Stucki et al., 2015).

Merz et al. (2020) gathered the efforts in impact forecasting of natural
hazards in various fields in a review. For meteorological hazards, there
are various efforts, but they are rarely linked to official warnings by
NHMS to the general public. In the following, we will summarize the
efforts for forecasting the impacts of storm events. According to Merz
et al. (2020), there are storm impact forecasting systems for insurance
losses in the private domain e.g. proprietary models run by insurance
companies (Pinto et al., 2019). In the public domain, there are studies
that show the skill of impact forecasting for storm impacts on a
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theoretical level (Pardowitz et al., 2016a; Pantillon et al., 2017), but do
not focus on the communication of these forecasted impacts as
warnings to specific users or the general public.

A successful implementation of a socio-economic impact model in an
operational setting (as a mixture between IbW, IFc and IW) was
illustrated by vehicle overturning model in the UK (Hemingway &
Robbins, 2020). The model uses wind speed and direction as hazard
information and combines it with roadways as exposure and
overturning probabilities per windspeed as vulnerability to arrive at a
risk map illustrating the vehicle overturning risk. Weather forecasters
within the NHMS can consult the map for warning decisions. The
output was compared to reported impacts on one event and the model
performed well (Hemingway & Robbins, 2020).

Such individualized forecasting systems and the resulting dialog with
core partners are summarized by the American NHMS as impact-based
decision support services (Uccellini & Ten Hoeve, 2019). An analysis
involving interviews with emergency management of aviation,
transportation and energy sector revealed that with the implementation
of impact-based decision support services the costs and recovery time
of severe storm events could be reduced (Lazo et al., 2020).

Presenting an yet another form of validation of IFc and IW, the
reception of IbW in the UK was studied after storm Doris by surveys
of the general public (Taylor et al., 2019). Taylor et al. (2019) call for
a better education of the public about IbW and additionally highlight
that institutional trust plays a big role in the effective communication
of warnings.

A few successful implementations of impact forecasting systems are
known (Lazo et al., 2020; Hemingway & Robbins, 2020), but the
implementations are often not shared with the public, so other
institutions cannot directly benefit from their development.
Additionally, there has been no systematic comparison of impact
forecasts with recorded impacts over a longer time span, but only for
single events.

9.2.2 Study Focus “Building damage in Switzerland”

In Switzerland, storms are one of the most damaging weather related
disasters, next to flood and hail (Imhof, 2011; WMO, 2020). The storm
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Burglind/Eleanor hitting Europe on January 3™ 2018 was the most
damaging winter windstorm hitting Switzerland since Lothar in
December 1999. It caused damage to infrastructure estimated to 165
Mio CHF, interruptions in traffic and the electricity grid, and felled
over 1.3 Mio cubic meters of wood (Scherrer et al., 2018). Next to
winter windstorms, thunderstorms and foehn are another cause of storm
damage to buildings in Switzerland. The main impacts of storms in
Switzerland as documented in reports and newspapers are: damage to
buildings and infrastructure, interruption of rail and road traffic,
electricity blackouts, forest damage and loss of life during or after the
event (WSL & BUWAL, 2001; Scherrer et al., 2018). As a proof of
concept for an impact forecast, building damages due to storms is a
good choice, due to the availability of building damage data from the
public, mandatory building insurance sector and the availability of
Impact models for this hazard.

The building insurance sector presents itself as a model user for a user-
specific impact forecast system. The cantonal building insurance of the
canton of Zurich GVVZ compulsorily insures all buildings (with a few
exceptions) in the canton of Zurich against damage due to natural
hazards and fire. The canton of Zurich is located in north-eastern
Switzerland. The annual average building damage of winter
windstorms in the canton of Zurich is estimated at around CHF 1.4
million (Welker et al., 2021), calculated using GVZ’s proprietary
windstorm damage model on the basis of freely accessible
climatological windstorm footprints. According to its own statements,
it would be useful for the GVZ to know roughly the expected damage
before a severe event. Already now, GVZ uses its proprietary damage
models directly after the occurrence of natural damage events to
estimate the expected building damage.

In the event of a major storm event, GVVZ needs to handle and assess
claims from several thousand clients in a few days, a multitude of the
regular caseload. An impact forecast could enable a better logistical
planning of the claims handling, which reduces the time and effort for
GVZ and its clients. GVZ needs to allocate resources and infrastructure
In the case of severe damage events. For example, GVZ can decide to
include an external phone service to handle the client calls and the
claims adjusters need to be sent to the affected houses and their reports
to be handled. Afterwards, repairs are made and the costs incurred are
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checked by the GVZ and the insured damages are finally paid. GVZ
starts this process as early as possible. At the moment the logistical
planning of the claims handling is supported by the application of their
windstorm damage model directly after the event.

There is currently no impact forecasting system for building damages
due to storms in Switzerland, to our knowledge, also not of any other
meteorological hazard. Prevention efforts or preparations to efficiently
deal with the damages could benefit from IFc. Additionally, NHMS
working towards IbW or impact warnings in Switzerland and other
countries can thus benefit from such a co-developed and open-source
Impact forecasting system.

We introduce an open source system to forecast socio-economic
Impacts of weather events. In this paper we show the data of 3.25 years
of daily forecasted building damages in Switzerland (January 2017 —
April 2020) and a case study of the event Burglind/Eleanor January 3
2018. We will answer the following questions: (1) Can an impact
model developed for climatological risk assessments turned into an
impact forecast system of building damages due to storms? (2) Under
what conditions does the impact forecasting system work or not work?
(3) Who can benefit from the output of such an impact forecasting
system? To this end, we will compare the forecasted building damages
with the damage database of an insurance company. We discuss the
relevance for NHMS warning decisions as well as further development
needs for incorporating socio-economic impact forecasting into NHMS
warning decisions.

5.3 Methods and Data

To forecast building damages in Switzerland and verify this impact
forecast, we combined data and methods from different fields. For the
meteorological wind gust forecast, we used the operational numerical
weather prediction model of Switzerland’s NHMS MeteoSwiss (more
info in section 5.3.1). We replicated the warning decision process of
the operational forecaster on duty by constructing a simple
automatized algorithm (section 5.3.2) For the impact calculations we
used a storm damage model within the open-source risk assessment
platform CLIMADA (more in section 5.3.3). For the verification of the
forecasted building damages, we use damage records of the cantonal
building insurance of the canton of Zurich GVVZ (more in section 5.3.4).
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5.3.1 Weather forecast

MeteoSwiss, the NHMS of Switzerland, operates numerical weather
prediction models in different setups to produce weather forecasts. The
most important setup for warning decisions is “COSMO-2E”, an
ensemble setup of the COSMO weather model (COSMO, 2020) with
the domain of the alpine region, a spatial resolution of 2.2 km, 60
vertical layers and 21 ensemble members (MeteoSwiss, 2020).
Forecast runs are initialized twice a day and run for 5 days into the
future. In our study, we look at the maximum wind gust velocity in m/s
of each day (over 24 hours, i.e., 00:00 UTC — 24:00 UTC) for each grid
point and each of the 21 ensemble members. We focus on the lead time
of 2 days (i.e., maximum wind gust of a day is combined of maximum
hourly wind gusts with a lead time of 48 hours — 72 hours). This lead
time is relevant for warning decisions.

9.3.2 Hazard based warnings

MeteoSwiss is issuing weather warnings for wind in Switzerland.
Forecasters issue a warning level between 1 and 5 for each of the 167
warning regions based on the weather forecast, thresholds for the
different warning levels and their expert judgment. For the goal of
comparing HbW with IFc, we decided to mimic the warning decision
process of the operational forecaster on duty by a simple automatizing
only based on the weather forecasts and the threshold for the warning
levels. The thresholds for wind gusts are set differently for low
elevation and for high elevation above 1600 meters above sea level.
The thresholds for low elevation (high elevation) are 70 km/h (100
km/h) for level 2, 90 km/h (130 km/h) for level 3, 110 km/h (160 km/h)
for level 4, and 140 km/h (200 km/h) for level 5 (Natural Hazards Portal
Switzerland, 2021).

The warning “decision process” in our simple model is done in three
steps. Firstly, for each grid point and each ensemble member of the
weather forecast a warning level is assigned based on the elevation
dependent thresholds. Secondly, every grid point is assigned the
median warning level calculated from all ensemble members. Thirdly,
each region is assigned the median warning level of all its contained
grid points. Note that alternative definitions could be used.
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5.3.3 Impact model

The risk of building damage due to storms, as one example of socio-
economic impact of weather, can be calculated as a combination of
hazard, exposure and vulnerability (IPCC, 2012; WMO, 2015a).
CLIMADA provides a python platform to conduct risk analysis based
on such a general framework (Aznar-Siguan & Bresch, 2019; Bresch
& Aznar-Siguan, 2021). In the context of a climatological risk analysis
of storms, Welker et al. (2021) presented an open-source
implementation of such a model for building damages for Switzerland.
The exposure and vulnerability from Welker et al. (2021) were used in
this study, whereas the hazard component is replaced by the weather
forecast (section 5.3.1).

The hazard is represented as a combination of intensity and probability
(Aznar-Siguan & Bresch, 2019). Each day and each ensemble member
of the weather forecast is defined as one event. For each event we know
the intensity (maximum wind gust velocity) and the probability
(occurrence probability of each ensemble member, in our case 1/21 for
each member). For more details about the hazard definition, see section
5.3.1.

The exposure represents the value of buildings in Switzerland (Figure
17). In this study, we use a proxy for buildings values an exposure layer
estimated by the LitPop-Methodology (Eberenz et al., 2020). For
spatial verification on postal code level within the canton of Zurich, the
exposure for the canton of Zurich is further downscaled with building
footprints from open street map (details see Welker et al., 2021)).
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Figure 17 Exposure map of Switzerland. Spatial distribution of asset exposure value in
Swiss Francs [CHF] derived from a total national value disaggregated according to nightlight
intensity and population density (methodology described in Eberenz et al., 2020), borders
of the canton of Zurich is drawn as a black line, red circle indicates the city of Zurich at the
northemn tip of lake Zurich.

The wvulnerability is represented by a function relating wind gust
velocity to proportional damage. The shape of this function was first
published by Schwierz et al. (2010) and scaled for the current
modelling setup by Welker et al. (2021).
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Figure 18 Impact function as defined in Welker et al. (2021). Hazard intensity, the wind gust
velocity in m/s on the horizontal axis, proportional damage associated with different levels
of hazard intensity on the vertical axis.
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The risk modelling platform CLIMADA combines the hazard intensity,
the impact function and for each grid point of the exposure. The result
Is a forecasted building damage dataset that stores an entry for each
ensemble member and for each exposure grid point combined with its
probabilities. From this data set, different summarizing plots and
numbers can be produced to represent the risk of building damages for
decision-makers. We present two main plots in this study: (1) the
average impact for a certain day per grid cell, as well as (2) the empiric
probability distribution of the total building damage aggregated over
Switzerland. The numerical values represent mean forecasted building
damages aggregated over a certain region.

The format of these outputs were developed to reproduce established
formats used by weather forecasters within MeteoSwiss. This
implementation of IFc can also serve as an illustration for operational
weather forecasters on duty, who will base future warning decisions
not only on meteorological forecasts but also on socio-economic
impact forecasts. The graphs, numbers and terminology are designed
in the style of meteorological forecasts to provide a familiar
environment to the forecaster.

CLIMADA
probabilistic
impact

_”\‘weather forecast
- hazard

Figure 19 Schematic illustration of the impact forecasting system implemented in CLIMADA.

The risk of impact is calculated spatially explicit based on weather forecasts as hazard,

exposure and vulnerability information. CLIMADA facilitates the production of different

summarizing risk metrics and plots. For details on CLIMADA see Aznar-Siguan and Bresch

(2019). In the course of these study the CLIMADA lllustration adapted from (IPCC, 2012)
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5.3.4 Building damage records

In Switzerland, building insurance is mandatory and in the canton of
Zurich GVZ insures (almost) all buildings. The claims data of GVZ are
a complete record of building damages in the canton of Zurich. The
claims data are proprietary, but for this study, we were able to get
aggregated data. One dataset is the total daily building damage for the
canton of Zurich caused by wind for January 2017 — April 2020. The
second data set is building damage per postal code in the canton of
Zurich for one selected event (storm Burglind/Eleanor hitting
Switzerland on January 3" 2018). The third dataset covers the building
insurance sector for 19 of 26 Swiss cantons that handle their mandatory
building insurance with one public insurance, as reported by Scherrer
et al. (2018). It contains the building damages per canton for
Burglind/Eleanor. These building damage records provide context for
the forecasted building damages.

5.4 Results:

We are able to forecast building damages caused by windstorms for
Switzerland. We will show the content of our building damages
forecast in three ways. First, the result for the Storm Burglind/Eleanor
are shown, which hit the Alpine region and Switzerland on January 3rd
2018 (section 5.4.1).Second, we will show results of the spread of the
Impact forecast caused by meteorological uncertainty (section 5.4.2).

Third, using the daily building damage records from the public building
insurance company for January 2017 — April 2020 we show a temporal
and spatial verification of the aggregated impact forecasts u and
highlight strengths and shortcomings (section 5.4.3).

5.4.1 Burglind/Eleanor impact forecast

Burglind/Eleanor hit Switzerland on January 3" 2018 and MeteoSwiss
issued a warning level 3 of 5 for most of Switzerland on January 1%
(see Figure 20a). Our replicated, simple automatic HbW system
(section 5.3.2) shows a more patchy distribution of warning levels over
Switzerland and generally a lower warning level (Figure 20b). In the
definition of the warning levels used be the forecaster, possible impacts
are described. With regards to building damage, a warning level 3
warns that “damage to individual roofs” is possible (Natural Hazards
Portal Switzerland, 2021). Neither the MeteoSwiss warning nor our
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automatic HbW system provides further information, where such an
Impact might occur.

Our impact forecasting system described in section 5.3.3 forecasted
mean building damages of close to 50 million CHF for January 3™ 2018
based on a weather forecast run initialized on January 1% 2018. The IFc
per grid cell shows a concentration of building damages in the northern
and western part of Switzerland (Figure 20c). In Figure 20c), there are
also clusters of high forecasted building damages at the locations with
high exposure values (compare Figure 17). This lower pane in Figure
4 is the main output of the impact forecasting system that is in a semi-
operational status since October 2019.
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a)

MeteoSwiss METEOROLOGICAL WARNING  Wed 03 Jan 2018 00-24UTC
warn level based on expert judgement 01.01.2018 0QUTC +2d

[0 1:Minimal or no hazard [ 3: Significant hazard ~ EEM 5: Very severe hazard
[ 2: Moderate hazard BN 4: Severe hazard

COSMO-E METEOROLOGICAL WARNING Wed 03 Jan 2018 00-24UTC
warn level based on wind gust thresholds 01.01.2018 00UTC +2d

70 1: Minimal or no hazard B 3: Significant hazard WM 5: Very severe hazard

7 2: Moderate hazard BN 4: Severe hazard

c)
CLIMADA IMPACT Wed 03 Jan 2018 00-24UTC
mean building damage caused by wind 01.01.2018 00UTC +2d

0 1 thousand 10 th d 100 th

d 1 million
forecasted damage per gridcell [CHF]

Figure 20 Hazard-based and impact-based wind warnings of the storm Burglind/Eleanor
hitting Switzerland on January 3 2018, at a lead time of two days. a) Warning levels issued
by MeteoSwiss based on weather forecast and expert judgement (adapted from Scherrer

96



et al., 2018). b) Simple automatic HbW system based on fixed thresholds and the
ensemble median COSMO wind gust forecast. c) Mean forecasted building damage per grid
cellin CHF. Building damages below 1000 CHF per grid cell are not shown, higher damages
shown in a color scale from blue to yellow.

5.4.2 Meteorological uncertainty of impact forecast

The building damages are forecasted based on 21 ensemble members
of the COSMO-2E model. The spread of the forecasted building
damages for Burglind/Eleanor between the ensemble members is quite
large. With the lowest being below 100°000 CHF and the highest over
600 Mio CHF. The distribution is skewed, with a fatter tail towards the
side of higher damages. This results from the non-linearity of the
impact function (Figure 18) and the inhomogeneity of underlying
assets. The spread and empirical distribution is illustrated as a
histogram with logarithmic bins in Figure 21. The distribution
represents the uncertainty of the meteorological forecast, as exposure
and vulnerability are held constant and the meteorological forecast is
the only varying part of the impact forecast system.

CLIMADA IMPACT  Wed 03 Jan 2018 00-24UTC

20,00 total building damage 01.01.2018 00UTC +2d

mean damage:
25.0% - CHF 88 million

20.0% 1

15.0% A

probability

10.0%

5.0% A

0.0% -
10 mousa'f‘im ousa™ ot on Joo Mo g o

forecasted total damage for Switzerland [CHF]

Figure 21 Histogram of the forecasted building damages for Switzerland for each of the 21
ensemble members in Swiss francs for the storm Burglind/Eleanor hitting Switzerland on
January 3rd 2018, based on the meteorological forecast initialized 2 days earlier on January
1st 2018. Bins for forecasted building damages are on a logarithmic scale horizontally and
probability of each bin on the vertical axis.
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5.4.3 Temporal and spatial forecast assessment

To assess the skill of such a building damage forecast, we compare the
forecasted building damages with the recorded building damages by
the cantonal building insurance of the canton of Zurich GVZ (see
section 5.3.4). For such an analysis, several cases are needed. Using the
daily building damage records for January 2017 — April 2020 we show
a temporal verification of the aggregated impact forecasts during this
time period. Using a postal code resolved building damage record for
Burglind/Eleanor, we verify the spatial component of the impact
forecast also.

To understand how the forecast of Burglind/Eleanor differed from
forecasts for other days we produce a scatter plot of recorded and
forecasted building damages (Figure 22). Burglind/Eleanor is clearly
identifiable as the event with the highest recorded building damage in
the covered time period. Most days are located in the lower left corner
with forecasted and reported building damages lower than CHF 1
Million. Beside Burglind/Eleanor, there are 17 other events with
reported and/or forecasted building damages higher than CHF 1
Million. Depending on their location on the graph, they are
gualitatively labelled as successful impact forecasts, misses or false
alarms (“success”: impact forecast and reported damage no further than
factor 3 apart, “miss”: impact forecast smaller than a third of reported
damage, “false alarm”: impact forecast bigger than three times the
reported damage).
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Figure 22 Scatterplot of recorded (horizontal axis) and forecasted (vertical axis) building
damages for the canton of Zurich. Each point represents one out of 1211 days from January
2017 to April 2020. The horizontal axis represents building damages as recorded by the
cantonal building insurance of the canton of Zurich GVZ. The vertical axis represents the
mean forecasted building damages for the canton of Zurich based on the weather forecast
with two days lead time (please mind the two gaps in the vertical axis). Foehn storm days
are marked in yellow, days with thunderstorms are marked in red and all other events in
black. The red line marks the 1-1 line, where forecasted and recorded building damages are
exactly equal. Marker shapes are chosen according to the qualitative forecast rating (Full
circle “success”, empty circle “miss”, cross “false alarm’, and small points for days when
neither recorded nor forecasted building damages reached CHF 1 million). Burglind/Eleanor
is a clearly identifiable single event in the right half of the plot with the highest reported
building damages. The yellow outlier with forecasted damages of CHF 45 million is a foehn
event, for which the COSMO model has a known bias. The red outlier with mean forecasted
damages of CHF 76 million was mainly caused by one outlying ensemble member, whilst
the median forecasts damage for that day amounted to less than CHF 1000.

The events with reported and/or forecasted building damages higher
than CHF 1 Million can be categorized into three types depending on
the weather phenomena (Table 4). For the categorization the catalogue
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of the (Sturmarchiv Schweiz, 2021) was used. The thunderstorms are
marked as red markers in Figure 22 and the impact forecast is mainly
rated as “miss” or even a “false alarm” with only one successful impact
forecast. The yellow markers in Figure 22 (Foehn storm, southerly
wind events), are all “false alarms” with sometimes quite high
forecasted impacts. All other days are marked as black markers, all
black markers with forecasted or reported impacts over CHF 1 Million
were categorized as winter windstorm events. The impact forecast of
four out of six winter windstorm events can be rated as “success” with
one “false alarm” and one “miss”.

Table 4 List of days, when either the reported building damages or the forecasted building
damages for the canton of Zurich with 2 day lead time are larger than 1°000°000 CHF. The
table also provides event classification (Category), name, and an impact forecast rating
(“success”: impact forecast and reported damage no further than factor 3 apart, ‘miss”:
impact forecast smaller than a third of reported damage, “false alarm”: impact forecast
bigger than thrice the reported damage). The entries are sorted by the magnitude of reported
damage. The observation period is from January 2017 to April 2020.

Event date | Reported | Impact forecast, | Category Name Impact
damage, leadtime 2 days, Forecast
mio CHF | mio CHF Rating

03/01/2018 | 14.41 18.35 Winter windstorm | Burglind | Success

10/02/2020 | 6.92 4.55 Winter windstorm | Sabine Success

02/08/2017 | 4.21 0.00 Thunderstorms Miss

04/02/2020 | 3.02 0.23 Winter windstorm | Petra Miss

11/02/2020 | 1.84 1.39 Winter windstorm | Sabine Success

30/05/2018 | 1.55 0.00 Thunderstorms Miss

01/08/2017 | 1.20 3.05 Thunderstorms Success

16/01/2018 | 0.51 1.12 Winter windstorm | Evi Success

12/11/2017 | 0.27 7.01 Winter windstorm | Numa False Alarm

04/03/2017 | 0.17 6.09 Foehn storm False Alarm

10/07/2017 | 0.08 75.62 Thunderstorms False Alarm

04/04/2018 | 0.07 1.47 Foehn storm False Alarm

24/04/2019 | 0.06 1.10 Foehn storm False Alarm

07/03/2019 | 0.01 9.02 Foehn storm False Alarm

17/12/2019 | 0.00 2.99 Foehn storm False Alarm

11/12/2017 | 0.00 44.95 Foehn storm False Alarm

19/10/2019 | 0.00 1.61 Foehn storm False Alarm

20/12/2019 | 0.00 5.36 Foehn storm False Alarm

The data of forecasted building damages are available on a high spatial
resolution. Comparing recorded building damages for individual

100



regions to forecasted building damages for the event Burglind/Eleanor
illustrates a verification of this spatial content of the presented impact
forecasting system. The comparison of forecasted and recorded
building damage shows no correlation on the level of postal codes
(Figure 23b). The spatial distribution of damages can be better
forecasted on the level of cantons (Figure 23a), than on the levels of
postal codes (Figure 23). In the mechanism where local building
damage occurs, there is a lot of randomness involved, which cannot be
represented in our impact model.
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Figure 23 Same as Figure 22 but for the event Burglind/Eleanor, aggregated on different
geographical scales. a) Each point represents one of 17 cantons within Switzerland. The
horizontal axis represents building damages as recorded by the public building insurers of
the individual cantons. The vertical axis represents the mean forecasted building damages
for the canton of Zurich based on the weather forecast with two days lead time. b) Each
point represents one of 243 postal code regions within the canton of Zurich. The horizontal
axis represents building damages as recorded by the cantonal building insurance of the
canton of Zurich GVZ. The vertical axis represents the mean forecasted building damages
for the canton of Zurich based on the weather forecast with two days lead time.

5.5 Discussion

Forecasting socio-economic impacts of winter windstorms in

Switzerland based on a regional weather predictions model works. The

use of an impact model in combination with the weather forecast

produces forecasted building damages in Swiss Francs [CHF] on a

spatial grid. With that, an individualized impact forecast can be
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provided to a stakeholder through combining the weather information
with stakeholder-specific exposure and vulnerability information. We
will discuss the assessment and uncertainty of the impact forecast in
general (Section 5.5.1 and 5.5.2) and from the perspective of a building
insurer (Section 5.5.3) in particular. Finally, we will discuss these
results to with regards to impact warnings (Section 5.5.4) and suggest
some practical implications (Section 5.5.5).

5.5.1 Impact forecast and different windstorm phenomena

Four severe winter windstorm events are clearly identifiable in the set
of forecasted building damages aggregated over the canton of Zurich
during 1211 days, with one false alarm and one miss. There are two
main explanations for these successful forecasts: Firstly, winter
windstorms are well represented in the weather forecasts. Secondly, the
vulnerability of the impact model was calibrated using data from winter
windstorm events (Welker et al., 2021).

False alarms, as in the case of winter windstorm event Numa on
November 12 2017 (Table 4), are to be expected as part of such a
forecasting system. Due to the lead time of two days, the storm can still
change its movement or intensity. Such changes are well represented
in the ensemble forecast. And even though the reported damage of
Numa was much smaller than the mean forecasted impact, it was well
within the spread of impact forecasts of all ensemble members
(minimum forecasted building of all ensemble members: 0 CHF,
maximum: 145 million CHF).

The missed winter windstorm event Petra on February 4" 2020 (Table
4) needs further study, especially the meteorological forecast, because
no ensemble member forecasted a damage close to the reported
damage. In all other cases, the reported damages of the winter
windstorms are well within the ensemble spread of the forecasted
damages and several times smaller than the ensemble member with the
highest forecasted damage.

In contrast to the winter windstorms, the impact forecasting system
produces a larger ratio of misses and false alarms for foehn events and
thunderstorms. The reasons for this discrepancy are discussed in the
following paragraphs.
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Thunderstorms occur on a much smaller spatial and temporal scale than
winter windstorms. Their location and intensity is not well represented
in a weather forecast with a two days lead time. The variability of the
Impact forecasts is enlarged for thunderstorms, by the interaction of the
smaller spatial scale of the area with damaging gust with the
iInhomogeneous distribution of values in the exposure layer.
Additionally, it is possible that rain, hail, and flood damages occur
during thunderstorms that are not covered in the impact forecasting
system, nor in the shown recorded building damages, which are
restricted to wind damages. Wind damages of a single building are
sometimes attributed to another hazard type if these hazard types co-
occurred. The outlier in Figure 6 is discussed further below. For
thunderstorms, the impact forecast might get better with a shorter lead
time of several hours.

Foehn events occur in the alpine valleys and high wind speeds and
gusts can even stretch northwards and reach the urban regions in
Zurich. In the studied 1°211 days there have been 8 days where the
Impact forecast in the canton of Zurich reached more than 1 Mio CHF
whilst foehn winds were detected in the alpine valleys. The reported
damages were at least one magnitude but mostly several magnitudes
smaller than the forecasted ones. There are two plausible explanations
for this high rate of false alarms: Either, there is a bias in the forecast
model that predicts too high gust speeds in the canton of Zurich during
foehn events. It is a known problem for the COSMO model forecast of
MeteoSwiss to predict too high winds during foehn events in the canton
of Zurich by overestimating the spatial extend of foehn events (Buzzi,
2012). The other plausible explanation is that the calibration of the
vulnerability is not transferable from winter windstorms to foehn
events. This would mean that the forecasted gust speed has a different
relationship to building damages depending on the underlying weather
phenomena. As the overestimation of the spatial extend is a known
problem for foehn events in COSMO, it is likely that the transferability
of the vulnerability plays a minor part. But we did not further
investigate, as this might question warrant a study of its own.

Two false alarms occurred with forecasted building damages more than
double the damages of Burglind/Eleanor (see outliers in Figure 6). In
the case of the thunderstorm event (July 10" 2017, Table 4, red outlier
in Fig 6), one of the 21 ensemble members predicted high gust speeds
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up to 58 m/s over most the populated area: the city of Zurich. The
Impact forecast of this one member leads to enormous damages over
1.5 billion CHF in the canton of Zurich, contributing to a major part of
the 76 million CHF mean forecasted damage. The median forecasted
damage is less than 1 thousand CHF. Thunderstorms were actually
occurring on July 10" 2017 over the canton of Zurich, leading to heavy
rainfall, but not as heavy gusts. Whether such a thunderstorm gust event
as represented in the highest ensemble member is a realistic scenario,
and with what return period such events occur would need further
study. As the operational COSMO model at MeteoSwiss uses
perturbation of physical tendencies and soil moisture perturbation to
increase the ensemble spread of the weather forecast, it is plausible that
the gust speeds of this ensemble member reach unrealistic values due
to these perturbations (Guy deMorsier, pers. communication, March
31, 2021). Alternatively, a limitation in the numerical representation of
the COSMO model could have been reached in that particular members
run. What can be learned is that impact forecasting systems need to
establish a handling of such outliers. In case of the foehn storm
(December 11" 2017, Table 4, yellow outlier in Figure 22), several
members predicted high impacts in the city of Zurich and the densely
populated shore of lake Zurich with two days lead time. Neither the
observed damages nor measured gust speeds reached the level of these
ensemble members. This can be explained by the bias in the gust
forecast of foehn events described above.

Post-processing aims to remove the bias of NWP forecasts by using
predictive statistical relationships between the forecast output of an
NWP model and observations and hence might increase the skill of
weather forecasts and impact forecasts (WMO, 2015b). In the
presented impact forecasting system, it might solve the problem of
overestimation of impacts in foehn storms by correction of the wind
gust forecast of the southerly winds in the canton of Zurich. The
aggregation of the impacts over an area is an important feature in
impact forecasts. The post-processed forecasts need to preserve the
information, which extremes could occur simultaneously at different
points, and which extremes are possible at different points, but
exclusively.
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5.5.2 Uncertainty of impact forecasts

Even for successful impact forecasts of winter windstorm events, the
uncertainty represented in the ensemble spread is larger than expected.
The uncertainty is accentuated with the highly nonlinear parameterized
Impact function that gives a value in Swiss Francs (Figure 21). Two
days before the storm event Burglind/Eleanor, the impact forecasts
cover a large range due to the meteorological uncertainty represented
in the ensemble forecast. The forecasted building damages aggregated
over Switzerland range from a small event (around 100°000 CHF) and
one of the most damaging events ever recorded (more than 600 Mio
CHF, Eidg. Forschungsanstalt und Bundesamt fiir Umwelt, 2001). This
illustrates that the exact impact cannot be known two days in advance,
which is not surprising.

This represented uncertainty originates from the meteorological
forecast, as the other two elements of the impact, the exposure and the
vulnerability, are held constant in the present study. There are two main
processes governing this meteorological uncertainty. One considers the
large-scale weather forecast, the other the single gust on the small scale.
They can be shown with the range of the IFc and with the potential skill
scores at different geographical aggregation levels.

There is uncertainty in the large-scale weather forecast about the
location and intensity of the storm event. Already two day in advance
the weather forecast reliably predicts a severe large scale weather
system over central Europe (Pardowitz et al., 2016a). However, large
uncertainty remains regarding exact location and intensity of the gusts.
The forecast model represents this uncertainty as good as possible in
the difference of the ensemble members. A small change in high gust
intensities can lead to a substantial increase in the forecasted damages
due to the exponential shape of the impact function. This leads to a
large range between the damage forecasts of different ensemble
members. This represented uncertainty routinely spreads from almost
zero to a multitude of the mean forecasted damage. Still this
represented uncertainty does not always capture the full uncertainty e.g.
in the case of winter windstorm event Petra on February 41" 2020 (Table
4) the reported damage was more than 10 times larger than the mean
forecasted building damage and almost 3 times larger than the
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forecasted building damage of the most severe ensemble member. The
unrepresented uncertainties are discussed in more details below.

On the small scale, the process of strong wind velocities of high
atmospheric layers mixing down to the ground as wind gusts and
damaging houses has a large random component. This randomness
adds further to the uncertainty. Some aspects of the wind gust can be
explained by the topography and surface roughness, but there is always
a randomness involved on the single block or even house level.
Independent of the lead time, it is impossible to know which houses
will be affected by the wind gusts, as we deal with a turbulent flow.
This randomness is not represented in the meteorological forecast nor
in the impact model. This is clearly shown by the failure of the damage
forecast to predict the damage on the smallest scale - the postal code
level (Figure 23b). On a cantonal level, the aggregation over a larger
geographical area helps to smooth the forecasted damages and the
agreement between forecasted and reported damages is better (Figure
23a).

Using these presented building damage forecasts for societal decisions
on preventive actions is decision-making under large uncertainties.
Dealing consciously with represented quantitative uncertainties and
unrepresented qualitative uncertainties is an important part of that
process. One of the important limitations is that the model input
incorporates the meteorological uncertainty but otherwise uses
deterministic components in the impact model. Pardowitz et al. (2016)
showed an increase in skill of an impact forecast if the impact model is
also probabilistic. The aim of this impact forecasting system was to
portray the implications of the forecasted weather in a most
straightforward way. This is achieved firstly by transforming the wind
gust forecast and its represented uncertainty into building damages and
secondly by focusing on the mean forecasted building damage as the
range of the represented uncertainty is very large and very volatile.
Representing additional uncertainties would dilute that information.
However, it is important to always keep in mind the unrepresented
uncertainties, either of the meteorological forecast (exemplified with
the missed event of winter windstorm Petra) or of the exposure and
vulnerability. The unrepresented uncertainties of the exposure and
vulnerability include: the uncertainty in the estimation of building
values, the randomness of the wind gusts hitting a specific house,
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uncertainties in the relationship between gust speed and damage
degree, and uncertainty in the economic valuation of past damages in
the calibration process. Finally, it should be noted that one aim of the
modelling approach is to establish an impact based warning system for
specific stakeholders. Instead predicting the mean damage with the full
range ensemble spread a probability forecast to overpass a certain
damage threshold, defined by the stakeholder, would provide an
alternative approach.

5.5.3 Usability of impact forecasts

A building insurance company for example can use such impact
forecast to better prepare before a storm event. They have the option to
initiate an external phone service to handle the client calls and to
mobilize claims adjusters and maybe even to pre-allocate them in
places where high building damages are expected. The communication
of the forecasts in building damages — a metric that the building insurer
Is familiar with considering unit and scale — helps to facilitate such
decisions. The use of exposure and vulnerability allows for a familiar
localization of the forecasted impacts. Areas of higher aggregated
damages, due to the higher exposure or higher wind speeds, are
highlighted (Figure 20b) and can be prioritized for first actions by the
building insurance sector.

The impact model for building damages in the canton of Zurich was
developed as part of a collaboration between the cantonal building
insurance of the canton of Zurich GVZ and the authors (Welker et al.,
2021). The co-development of the impact forecasting system increases
the trust of the recipient in the forecasts and allows a better recognition
of the involved uncertainties. During this process, the advantages and
limitations of such a model were discussed, especially they are aware
of unrepresented qualitative uncertainties. Such an exchange helps the
user with the interpretation of the impact forecasts during their
decision-making process. This is especially valuable in the stressful
situation of a potentially arriving storm event.

5.5.4 Towards impact warnings for general public

The impact forecast shown in Figure 20b is directly usable as impact
warning a building insurer, as discussed, but not for the general public.
There are two main shortcomings. Firstly, a member of the general

107



public, e.g. single house owner would be “warned” differently
depending whether his/her house is located in an urban or rural area
because of their single risk perspective on the exposure, compared to
the portfolio perspective of a building insurer. Secondly, as a
cautionary remark: a person interested in traffic interruption, forest
damages or any other impact will not see the relevant exposure nor
vulnerability represented in Figure 20b. This discrepancy is hard to
understandably disclaim and could lead to misunderstanding of the
warning content.

The presented impact forecast could still be indirectly valuable for
NHMS by providing an additional source of information for the
decision process lead by the meteorologist on duty who issue warnings
to the general public. NHMS collaborate with specific partners like
emergency services, who have to plan their resources and benefit from
the aggregated focus of this impact forecast. Half of NHMS in Europe
have or plan to have impact based warnings for specific partners
(Kaltenberger et al., 2020). Additionally, country-wide or canton-wide
building damages are regularly reported in the media after storm
events. It can be hypothesized that users in the general public get a
better perception of the upcoming weather situation, if the warning text
references such commonly used aggregate metrics of impacts.

5.5.5 Practical implications

A number of additional practical implications can be derived from this
case study for NHMS that have the production of IbW or IFc as a
strategic goal. The learnings consider IT-infrastructure for the
production of IFc and verification of IW.

Interestingly two thirds of NHMS self-assessed that they lack the IT-
infrastructure to run impact models (Kaltenberger et al., 2020). The
presented system does only require a minimum of resources compared
to numerical weather prediction models and should be useable with the
infrastructure that NHMS and even partners or clients already have
access to. The development in open data access and application
programming interfaces (API) to NWP data will accelerate the uptake
of impact forecasting by partners and clients.

For NHMS forecast verification is important to improve their own
forecasting tools (WMO, 2015b). If forecasted impacts become part of
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their services, they need to either build their own impact database or
relay on collaboration with specific partners, like building insurers or
emergency services, to obtain impact data for verification. Access to
that data is important because most NHMS do not have their own
Impact database. The perception of the warning could be verified with
regular surveys of the public as it is practiced in the UK (Taylor et al.,
2019; Lattimore, 2019).

5.6 Conclusion and Outlook

We presented an impact forecasting system for building damages from
winter windstorms. It combines a wind gust forecast of the operational
ensemble weather forecast model COSMO as hazard with exposure and
vulnerability in the open source risk assessment platform CLIMADA
to forecasts building damages in Swiss Francs with two days lead time.
We compared the forecasted impact with reported building damages of
the canton of Zurich. Of the investigated 1’211 days, there were six
days with forecasted or recorded building damages from winter
windstorms over 1 million CHF. Of those days, four were forecasted in
the right order of magnitude with one missed event and one false alarm.
For other weather phenomena as thunderstorms and foehn storms, the
rate of missed events and false alarms is much higher. The building
insurance sector can use the building damage forecasts to better prepare
for a winter windstorm event. Additionally, such a system could be
used by any organization who is interested in an aggregate impact view
for their preventive decisions.

The forecasted building damages contain many uncertainties and a user
of that information for societal decisions on preventive actions must be
aware of them. One of the important limitations of the presented impact
forecasting system is that it incorporates the meteorological uncertainty
but otherwise uses deterministic components. This setup highlights the
information of the meteorological forecast including its uncertainty.
The user needs to have a qualitative understanding of the additional
unrepresented uncertainty.

From the current state of impact warnings for one or few specific
stakeholders to impact warnings for the general public is still a long
way. For NHMS to get a better understanding of impacts,
transdisciplinary research projects with individual stakeholders could
certainly strengthen the experience to tackle impact warnings for the
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general public. Such stakeholders could be any organizations that needs
aggregated impact information to facilitate their decisions making
process, e.g., emergency services. Using a software tool such as
CLIMADA to co-create an impact model as proposed in this paper
allows to structure this process (Fischer et al., in preparation; Pohl et
al., 2017). This opens the use of such specific impact forecasts as
additional inputs for the warning decisions process in the NHMS.
Additionally, it could widen the possibilities of partnerships between
NHMS and core partners, because proficient partners could run and
maintain the impact forecasting system themselves.

Ideally, impact warnings for the general public should be aggregated
from a multitude of quantitative impact forecasts that in combination
cover most socio-economic impacts relevant for the general public. The
warning decision process and content could then be structured
primarily around the type of expected socio-economic impacts (e.g.
disruption in traffic, ...) and only secondarily provide the detailed
meteorological information such as specific threshold numbers. There
are still too few examples to demonstrate the applicability of such a
methodology. It is unclear if all relevant impacts can be represented
with an impact forecast and if the NHMS have the needed competence
to operationally issue and verify such impact forecasts. If NHMS would
acquire this competence, e.g., through the collaboration with partner
organizations, they could extend their role as trusted sources for
meteorological information (Taylor et al.,, 2019) to the broader
spectrum of the impact warnings.

Goals like better preparedness, reduced damage or faster claims
handling, give meaning to the decision-making process based on
Impact forecasts. To have a better picture of the net benefit of using
such a forecast in decision-making, it is important to include the cost
structure of the decision-maker’s options. For example, the benefit of
early allocation of claims adjusters in the case of a severe event
outweighs the cost manifold in the case of the building insurance
sector. Such a cost structure increases the net benefit of the impact
forecasting system. The model CLIMADA allows option appraisals for
damage and cost reductions (Bresch & Aznar-Siguan, 2021). For the
interested user, a full implementation of not only the forecasted impacts
but also of adaptation and mitigation options into the impact
forecasting system is possible.
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Using an open-source impact model and sharing implementations open
source and open-access does support the development of transferable
solutions. Especially with increasing availability of raw forecasting
data in open data initiatives and simplified data access via API (e.g.
https://opendata.dwd.de), this will help accelerate the uptake of impact
forecasting. The impact forecasting system presented in this paper is
available open-source and does now lend itself to support these next
development steps.
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6 Synthesis

The four studies in chapters 2 - 5 presented new findings about impacts
of winter windstorms in Switzerland. These findings can inform
decisions about how society deals with winter windstorm risk in
general, shortly before an upcoming event and after an event. The
developed impact model and the tools presented in chapters 4 and 5
help generate straight-forward information for decision-makers.

This synthesis chapter reviews the findings, provides a deeper
discussion of a few select topics, and suggests future work. First, the
achievements of each of the main chapter 2 - 5 are summarized in
Section 6.1.

Uncertainty is part of all presented studies. Especially, there is a
considerable amount of uncertainty in the modelling results as provided
in chapters 4 and 5. Section 6.2 summarizes and categorizes the
different sources of uncertainty and suggests a way to more explicitly
represent uncertainty within the presented impact model going forward.
Additionally, the role of uncertainty in communication for decision-
making support is discussed.

Incorporating impacts into warning systems is a goal that many
national weather services work towards. There have been many
attempts to provide structure to that undertaking, and section 6.3
highlights the importance of exposure in warning systems, which
Incorporate impacts.

Section 6.4 highlights the synergies between risk assessments (featured
in chapter 3 and 4) and impact forecasting (featured in chapter 5) and
suggests a closer collaboration between these separate research fields
in the future.

An outlook into the next development steps needed, research topics and
practical implications is presented in section 6.5.

6.1 Achievements

The most important achievements of the four studies are summarized
and complemented with additional observations or insights acquired
during the work on the studies. The order of the subsection follows the
order of the chapters 2 - 5.
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6.1.1 Effecting a review of the impacts of Burglind/Eleanor

The socio-economic impacts of the event Burglind/Eleanor occurring
in January 2018 were collected as part of a post-event analysis.
Burglind/Eleanor was the most severe winter windstorm event hitting
Switzerland in almost two decades. The impacts were widespread and
included infrastructure damage, forest damage and interruptions to
traffic and power supply. Burglind/Eleanor was less severe both in
meteorological terms and concerning socio-economic impacts than the
“reference” event regarding severe winter storms in Switzerland:
Lothar in 1999. Still it was an extraordinary event and MeteoSwiss and
other organisations contacted during the research for chapter 2 were
analysing the event in hindsight to generate learnings with respect to
dealing with future events. Many of the contacted organisations also
showed interest in the produced report in order to include the
meteorological background into their own analysis.

MeteoSwiss was discussing internally and in the report if warning level
three was the right choice or if warning level four would have been
more fitting. The forecasted gust speeds were at the boundary between
the definitions of warning level three and four. In the conversations
with organisations contacted during the research for chapter 2, the
author of the thesis had the impression that people felt well warned by
the high presence of the event in the media before the event,
independent of the warning level. This corresponds to the increased
effort invested in MeteoSwiss’ distribution channels and the increased
usage numbers of those channels. The independence of the warning’s
reception from the warning level is also reported in a survey about the
warnings of storm Doris in the UK (Taylor et al., 2019).

Gathering impact data also highlighted problems about impact data in
general. Shortly after the event, the impacts had not been assessed
quantitatively and only rough estimates were available. With time,
these estimations got more and more precise, as they were replaced
with quantitative impact assessments or got more conclusively
attributed to the event. Even at the editorial deadline, two months after
the event, some impact assessments were still ongoing (e.g. the
assessments of building damages), whilst some others were not further
assessed and remained at the level of rough estimates. This experience
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aligns with the general reported scarcity of socio-economic impact
data.

What was very interesting to see was the different evaluation of the
impacts of Burglind/Eleanor depending on the sector. The felled wood
in the forests represented the largest storm damage of the last decade,
but since the amount of felled wood was well below an annual harvest,
it was expected that the felled wood could be sold at regular market
prices. Retrospectively, the annual harvest in 2018 was 11% higher
than in previous year due to Burglind/Eleanor. Increased bark beetle
infestation due to drought in summer also played a role in this small
price difference (BAFU, 2020). There is also an interesting difference
between road and rail traffic. Incidents in road traffic were 10 times
higher than on a comparable day. Incidents in rail traffic attributed to
Burglind/Eleanor were accumulating to only 30% of the number of
incidents occurring on any regular day. This hints at a different
vulnerability of the two traffic systems. A potential explanation could
be that the surroundings of rails are better maintained to prevent trees
falling on the infrastructure compared to roads. Members of the general
public also have individual perspectives and evaluations regarding the
impacts, especially those that may have suffered from large individual
losses. This is visible in the comments on the MeteoSwiss blog, where
people did not agree with the stated assessment of the severity of
Burglind/Eleanor. The comparison of the aggregated impacts of
Burglind/Eleanor with the aggregated impacts of Lothar did not reflect
their own experience due to their single risk perspective (Users of
MeteoSwiss, 2018).

6.1.2 Reviewing a new winter storm database in a partner case
study

The W.indstorm Information ServiCe (WISC, a C3S Sectoral
Information Service project) produced datasets of pan-European gust
footprints: A historic dataset containing around 140 winter windstorm
events covering 75 years and a synthetic dataset containing 7’660
winter windstorm events in 135 modelled years. The historic dataset
sets new standards in terms of a high spatial resolution of 4 kilometres,
covering a long historic period and being openly and freely available.
In chapter 3, it was shown that the contained storms have similar
characteristics to other datasets previously used in industry and
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research. The synthetic dataset containing probabilistic storms has
shortcomings by containing storms with too small spatial extents
compared to the historic dataset and other industry and research
datasets.

One goal of the case study was to present the use of these datasets in
the insurance industry. In chapter 3 it is shown that the main benefit of
these datasets for the industry partner Swiss Re was to compare their
proprietary dataset with an independent counterfactual. Their interest
to replace their established impact model with a new dataset was
limited. During the discussions with Swiss Re it has been discovered
that a better use case of the new datasets provided by WISC would be
a smaller insurance company that did not have the resources to develop
their storm impact model until WISC provided openly accessible
datasets of winter storm gust footprints.

Both these points, the shortcomings of the synthetic dataset and a case
study of a company without an established impact model for winter
windstorm risk of similar quality were addressed in the next study.

6.1.3 Building a new winter windstorm risk model

The risk assessment for building damages from winter windstorms is
presented in a collaboration with the cantonal building insurance of the
canton of Zurich GVZ. The proprietary impact model of GVZ was
presented as well as an open source impact model implemented on the
CLIMADA platform. The results from impact modelling are compared
to the claims-based risk assessment and show the benefit of impact
modelling for such risk assessment, especially regarding rare events.
The biggest source of uncertainty is the sampling uncertainty. The
events in a dataset are interpreted as a sample of an underlying
distribution of events. The knowledge about the underlying distribution
is limited especially for rare events, as only a limited sample is
available. The limitations are mostly governed by the length of the
observed time period, resulting in differing sampling uncertainty for
the different data sources. These sampling uncertainties were
represented using statistical resampling. The presented probabilistic
dataset allows the assessment of risk for previously unexperienced
extremes.
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For the probabilistic gust footprints, there are two ranges of
uncertainties. One is the full sampling uncertainty from sampling the
underlying historic events, which is also an indicator of the sampling
uncertainty of the resulting probabilistic event set. The other is the
uncertainty represented in the probabilistic events due to statistical
perturbations of the wind field. This uncertainty has a smaller range
than the full sampling uncertainties (These ranges are illustrated in
Figure 14 in chapter 4). During the review process, there was an
interesting discussion about which range of uncertainty to highlight.
One reviewer asked to highlight the full sampling uncertainty, whereas
another reviewer with an industry perspective asked to highlight the
represented uncertainty. This shows a different appetite for considering
uncertainty, depending on the perspective and use of such datasets.
Other aspects of the uncertainty are discussed in Section 6.2.

6.1.4 Building an impact forecasting system for winter storms

A forecasting system for socio-economic impacts based on weather
forecasts is introduced. It forecasts building damages due to
windstorms based on gust forecasts. The impact forecasting system has
been deployed successfully as a semi-operational prototype and
provides building damage forecasts in real-time with a lead time of two
days for the whole of Switzerland at 500 meter resolution. The
comparison between forecasted and reported building damages shows
that the system can successfully forecast the impacts of the most severe
winter windstorm events in the studied period, despite the two-day lead
time of the forecast. Other weather phenomena show higher rates of
false alarms or misses. The presented forecasting system can directly
be used as a decision support tool in the building insurance sector to
better prepare for upcoming storm events, e.g. to plan and better
allocate resources for claims-adjustment and claims handling. It also
constitutes one example of incorporating impacts into warning
systems. The learnings will shape the discussion on how national
meteorological services can better incorporate socio-economic impact
into their warnings.

The presented impact forecasting system provides the flexibility to
represent all the possible degrees of incorporating impacts into warning
systems. The Forecast class in the risk assessment platform CLIMADA
Is structured with the components hazard, exposure and vulnerability.
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If a component should not be considered in the warning, it can be set
to neutral. The exposure can be set to neutral by setting their values
equal to one in the model, as the components are combined via
multiplication in CLIMADA (Equations (5) and (7)). The impact
functions representing the vulnerability can be set to neutral if it is
defined as step function resulting in zero or one to represent hazard
thresholds, instead of the normally used continuous functions.
Specifically, the Forecast class in CLIMADA can now represent the
full spectrum of WMO paradigms (WMO, 2015a).

Hazard-based warnings: As shown in chapter 5, hazard-based
warnings can be technically represented in CLIMADA. The hazard
represents the maximum wind gust at each location and each ensemble
member. The exposure is set to neutral with all values set to one. The
impact function is defined as a step function resulting in zero or one
with varying thresholds defined for each location (e.g. region-specific
or height-depending thresholds). The main result in CLIMADA is a
matrix indicating if the threshold is reached at each location and for
each ensemble member. This matrix can be used to inform warning
decisions. E.g. by providing a level of confidence needed (in form of a
percentage of the ensemble members) a warning level can be defined
for polygons (see Figure 20a in chapter 5) or individually for each
location. Hence it could a possible tool for an operational warning
system that is targeted toward the greater public.

Impact-based warnings take into account hazard and vulnerability.
Hazard and exposure are defined exactly the same as above. The
vulnerability now represents an impact function e.g., for building
damages due to gusts (Figure 18 in chapter 5). The main result in
CLIMADA is a matrix with the expected loss ratio at each location and
for each ensemble member. These forecasted loss ratios can be used as
input to a warning. This information represents the single risk
perspective e.g., every house owner that is exposed to same hazard
level will receive exactly the same information. In mountainous
regions, the forecasted gust speeds are higher and as a result the
expected loss ratios are also higher, luckily there are almost no
buildings there. In the data or visually the mountainous regions still
stand out, this can be mitigated by incorporating exposure (see below
and section 6.3.2).
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Impact forecasts and impact warnings take into account hazard,
exposure and vulnerability; they explicitly use the locations of
buildings via the exposure information and provide a focus on locations
with high expected impacts as shown in chapter 5. Hazard and
vulnerability are defined exactly the same as directly above. The
exposure now represents the value of buildings at each location in
Swiss francs (Figure 17 in chapter 5). The main result in CLIMADA is
a matrix with the expected building at each location and for each
ensemble member. These forecasted building damages can be used as
a warning at each location (see Figure 20c in chapter 5) or aggregated
e.g., in polygons. This information represents the portfolio risk
perspective. It support decisions around the allocation of resources, so
they e.g., correspond to the magnitude of the expected impacts or are
directed to locations with the highest expected impacts. The exposure
does not have to contain buildings or other asset values, but can also
represent population, vulnerable groups or natural resources.

Merz et al. (2020) defined the goal of bringing impact models up to the
same quality and dependability as existing hazard models. The
implemented Forecast class in the risk assessment platform CLIMADA
Is an important stepping stone in that direction. The presented impact
forecasting system is a decision support tool ready to be used for
building damages from winter windstorms. It is provided open-source
and -access, follows software development standards like continuous
integration and provides a template that is easily adaptable for other
hazards, regions and sectors at risk, including population and
vulnerable groups. Its integration in the platform CLIMADA render
future translations of methodologies from risk assessments to impact
forecasting a simpler undertaking.

6.2 Uncertainty

Decision-making around risks is decision-making under uncertainty. In
this section, the uncertainties in the decision-making support tools
presented in chapter 4 and 5 are explained and categorized. This should
help decision-makers to understand the uncertainties of the information
they receive and additionally help researchers to find ways to further
reduce uncertainties or better represent them quantitatively in the
results.
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Taylor et al. (2015) differentiate between first order and second order
uncertainty in the context of communicating seasonal weather forecasts
to users. They defined them as follows: “First-order uncertainty refers
to the likelihood of an event happening according to a particular
forecast and is also referred to as aleatory uncertainty, probability or
risk. Second-order uncertainty, also known as epistemic uncertainty,
Knightian uncertainty or ambiguity, refers to ‘uncertainty about the
uncertainty’” (Taylor et al.,, 2015). The decision support tools
presented in this thesis provide simple and straightforward information
for part of the first order uncertainty to decision-makers. In chapter 4,
the presented impact model does not only provide an assessment of the
risk to the user about the probability of Lothar/Martin-like damage or
about the expected damage reached every 250-years: it provides a
range of uncertainty based on the sampling (i.e. aleatory) uncertainty
of the underlying datasets. In chapter 5, the impact forecasting system
does not only display the expected building damage based on a
deterministic wind gust forecast, but it portrays the probability-
weighted mean damage of an ensemble forecast and illustrates the
empirical distribution of the impact forecast ensemble. For both these
decision support tools, however, the second order uncertainty is not
guantitatively assessed. This section focusses on extending the
quantification of the first and the second order uncertainty.

Discussing and transparently revealing the first and second order
uncertainty is important for users of the decision support tools, as they
can use that information in their decision-making process. Both of the
presented decision support tools provide a quantitative indication of
part of the first order uncertainty, next to listing and discussing
additional sources of uncertainty. In chapter 4, the spread in the
exceedance frequency curves is illustrated using resampling. It
represents the sampling uncertainty of the underlying data source. In
chapter 5, the spread and empirical ensemble distribution of the
ensemble forecast is shown. It represents the meteorological
uncertainty as it is represented in the weather forecast model. For other
sources of uncertainty, especially uncertainty in the exposure and
vulnerability components no quantitative indication is provided. This
simplification can be useful in the decision-making process and is
justified if the decision-maker is aware of the unrepresented
uncertainties (e.g., a building insurer knows about uncertainties of
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Impact models). It is more important to represent these uncertainties
quantitatively if other decision-makers (e.g., the forecaster on duty or
a member of the public) use the impact forecasts. This could be
implemented in the present model setup with a sensitivity analysis
(Kropf et al., 2021).

It is possible to expand the impact model, especially the exposure and
vulnerability components, to represent more uncertainty. Such a setup
allows to answer two questions: Does the quantitative representation of
these additional uncertainties improve the usefulness of the forecast?
How does the uncertainty in exposure and vulnerability compare to the
uncertainty of meteorological forecasts? A methodology to represent
uncertainty in exposure and vulnerability is described and its potential
to answer the two questions is discussed in section 6.2.1. In the context
of chapter 5, further statistical possibilities to analyse the uncertainty
with the ensemble of the impact forecasts are discussed in section 6.2.2.
And additional insights on how decisions are taken under uncertainty
for impact forecasts and warnings are shared in section 6.2.3.

6.2.1 Representing uncertainty with an ensemble of opportunity

In impact models, in contrast to weather models, it is not common to
use an ensemble approach to represent uncertainties. There are very
few open-access impact models for winter windstorm risk. Still they
could be used to form an ensemble of opportunity (Zumwald et al.,
2020) to represent part of the uncertainty in the impact model. Instead
of using a deterministic representation of exposure and vulnerability,
one would use an ensemble of the available implementations of
exposure and vulnerability.

For alternative exposure estimations, it would be possible to use the
openly shared methodology of Koks and Haer (2020) that build an
exposure layer bottom-up using building outlines from OpenStreetMap
(2021). A second option would be to build an exposure layer by using
a population dataset and assigning a certain value per person as in
Welker et al. (2016). In Aznar-Siguan and Bresch (2019) an exposure
layer based on nightlight intensity is used. Switzerland also uses a fixed
value per household for other natural risk assessments (BAFU, 2021b)
which could be used with building outlines to arrive at a further
exposure layer. These exposure layers could easily be used additionally
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to the LitPop exposure layer used in chapters 4 and 5, to form an
ensemble of opportunity.

For vulnerability, it would be possible to use the calibrated impact
function of Koks and Haer (2020). Additionally Prahl et al. (2015)
compare different functions to calculate loss ratios caused by winter
windstorms. These four functions could be calibrated in CLIMADA
and used as impact functions. An ensemble of opportunity could be
formed with these impact functions, additional to the impact function
used in chapter 4 and 5.

These different components could be combined to arrive at an
ensemble of modelled impacts for each storm event in chapter 4 and
each ensemble member in chapter 5. The spread of such an (expanded)
ensemble would then represent part of the uncertainties in the impact
model (Zumwald et al., 2020).

Does the quantitative representation of these additional uncertainties
improve the usefulness of the forecasts? According to Pardowitz et al.
(2016), the forecast of loss ratios has more skill if not only the weather
forecast but also the impact model is probabilistic. It is to be expected
that this will also be the case for impact forecasts calculated in
CLIMADA. Koks and Haer (2020) performed a sensitivity analysis of
their impact model and reported — to now surprise — that their results
are most sensitive to the parameterisation of their impact function.
From the findings of both these studies it follows that it is especially
Important to consider the uncertainty of the impact functions in the
ensemble of opportunity. In the proposed ensemble of opportunity, the
impact functions would be as diverse as possible allowing for different
minimum gust speed that leads to impact and different shapes of the
impact functions above this threshold.

How does the uncertainty in exposure and vulnerability compare to the
uncertainty of meteorological forecasts? For the answer to this
question, it is important to have in mind that the exposure and
vulnerability components of the listed models were calibrated to
provide a best guess of the impact. The ensemble of opportunity would
then represent an ensemble of best guesses. The ensemble of the
weather forecast on the other hand, is designed to have a wide enough
spread to capture all possible outcomes. This difference makes a
quantitative comparison of the uncertainties in the different
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components difficult when an ensemble of opportunity is used. Two of
the functions investigated by Prahl et al. (2015) provide a probabilistic
result of the loss ratios with the goal to represent the size of the spread
and not only the best guess. Given a large enough set of impact data,
these functions could be calibrated to capture the spread of past
outcomes. This would allow for a better quantitative comparison of the
first order and second order uncertainty of the different components of
the impact forecasting system. With this comparison, it could be known
which component contributes the most to the uncertainty: hazard,
exposure, or vulnerability. Decision-makers could be informed more in
depth about the uncertainty of the decision support tools, and future
research could be prioritized to focus on the most uncertain component.

The two questions from above could also be asked in the context of
chapter 4: Does the quantitative representation of these additional
uncertainties improve the usefulness of the risk assessment? How does
the uncertainty in exposure and vulnerability compare to the sampling
(i.e., aleatory) uncertainty of hazard information? The answers in the
context of chapter 4 would be quite similar to the context of chapter 5.
The risk assessment is expected to be more robust if uncertainty is
explicitly represented with an ensemble of opportunity. Regarding the
second question, the sampling uncertainty in chapter 4 is designed to
capture all possible exceedance frequencies. The two probabilistic
functions investigated by Prahl et al. (2015) would need to be
calibrated to capture the spread of past outcomes. This would allow a
comparison, of the uncertainties in hazard, exposure, or vulnerability
in the context of the risk assessment.

6.2.2 Impact forecasting system

The ensemble members of the weather forecast represent the
uncertainty of the weather forecast. In chapter 5, the empirical
distribution of the ensemble members is shown as an illustration of the
meteorological uncertainty. In weather forecasting, sometimes a
parameterized model (often a simple statistical distribution) is fitted to
the ensemble predictions and verification data to arrive at a better
description of the uncertainty (e.g., Wilks and Hamill, 2007). The
advantages of such a methodology include that it relates the forecasts
to past impact data, and that the problem of single outliers in the
ensemble is smoothed during this process. The disadvantage is that
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enough relevant impact data is needed for the fitting, and that an
assumption about the type of distribution has to be made, which has an
Impact on the resulting uncertainty. As the best choice of distribution
depends on the focus of the analysis (Wilks & Hamill, 2007), it is
Important to take into account the requirements of the decision-making
process. The decision-making process will define if the focus is on
either mean expected impact or for example worst case scenarios.
Additionally, the decision could focus on one specific meteorological
phenomenon, e.g., only winter windstorm events, or on all impact
forecasts from wind gusts. These choices will have an influence on the
represented uncertainty.

As long as such a methodology is not applied, it is nonetheless
Important to discuss the uncertainty in the context of verification data
and not only focus on the meteorological uncertainty represented by
the ensemble members. Such a qualitative assessment is shown in
chapter 5, with a simple rating of the impact forecast of past events.
With that rating, the number of successful forecasts of severe damage
events can be compared with false alarms and misses. In decision-
making, the ratio of false alarms is an important measure of uncertainty
(Taylor et al., 2015).

An alternative way to deal with the outlier problem in the empirical
distribution is the use of post-processed gust speeds instead of direct
model output. The statistical methods applied in post-processing also
result in a smoothing of single ensemble member outliers in the gust
forecast. Yet one should be aware that such an approach might over-
correct for outliers (overconfidence) and lead to underestimation of
extreme outcomes.

6.2.3 Warning decisions under uncertainty

Independent of the methodology of quantifying the first and second
order uncertainty, the resulting assessment needs to be interpreted.
Neither the perfect weather model nor the impact model exist and as a
result, a perfect impact forecast will not exist in the near future either.
As a result, there are shortcomings if the interpretation of the impact
forecast is automated. There are learnings from the handling of
uncertainty with weather forecasts by professional forecasters (see
section 1.6.2). The forecaster on duty incorporates the quantified and
unquantified uncertainties, but also known biases into their mental
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model too, and then takes decisions based on this extended knowledge
base. This method of interpretation is very crucial to the decisions
under imperfectly represented uncertainties.

In the context of impact forecasts for specific decision-makers (e.g.,
building insurers as in chapter 5), either the provision of an automated
output metric suffices (in chapter 5, the shown output metric is mean
forecasted impact) or an interpretation has to be done. Most probably
there will be cases where an interpretation is necessary. In these cases,
either the decision-maker has to be educated to achieve enough
understanding of the shortcomings of the underlying weather and
Impact forecast to be able to make the decision, or the forecaster on
duty has to be involved in decision-making process to provide their
Interpretation. This interaction would add an additional task for the
forecaster on duty in high-impact situations.

The organization in which the decision-making takes place might also
directly interface to the forecast provider via an application
programming interface (API) and either fetch the impact information
(e.g. impact maps) or even run the impact model within the
organisation and only fetch the meteorological data (e.g. ensemble
footprints) and handle exposure and vulnerability in-house. To allow
for such setups in the future, any design of an impact forecasting system
should be structured to support such arrangements going forward, by
developing the impact model as a stand-alone application (as being the
case with CLIMADA).

6.3 The role of exposure

In the context of risk and impacts, exposure plays a crucial role. This
is also true for incorporating impacts into the warning system. In
impact forecasts, the choice of exposure defines the metric of the
impact forecast. In this section, two particular aspects of the role of
exposure in warnings systems are highlighted.

6.3.1 A new paradigm

In the WMO Paradigms (WMO, 2015a), the hazard is featured in the
first paradigm, whilst the focus lies on vulnerability in the second
paradigm. The exposure is only included in the last paradigm, which
focuses on the impact. In the context of incorporating impacts into
decision support tools for specific partner organisations of National
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Hydrological and Meteorological Services (e.g. emergency services) or
other users, this order is not intuitive. A user often does not have a
guantitative understanding of their relevant vulnerability to a hazard, if
any understanding at all. The logical first step to incorporate impacts
would be a combination of hazard and exposure. The exposure is
normally quantitatively documented (e.g. geo-referenced location and
further specification of critical infrastructure) or at least can be
quantified without the sparsely available impact data. Thus, a fourth
paradigm might be proposed, the hazard exposure combination. It
could be named “exposure-based warnings”, “EbW”. An example
would be the number of people living in an area affected by a level 3
hazard intensity, e.g. allowing the early allocation of resources to the
most-affected locations.

Exposure-based warnings take into account hazard and exposure.
Technically speaking, such a system can be represented by a step-
function shape of the impact function (resulting to zero below a level 3
hazard intensity, and to one at and above this level). The hazard
represents the maximum wind gust at each location and each ensemble
member. The exposure would represent the population count at each
location. The main result in CLIMADA is a matrix with the number of
affected people at each location and for each ensemble member. E.g.
by providing a level of confidence needed (in form of a percentage of
the ensemble members), the expected number of affected people could
be shown individually for each location or aggregated for polygons.
Such an implementation would also be forward-compatible to
incorporate more refined vulnerability information, towards a fully-
fledged impact forecast and impact warnings (see 6.1.4).

6.3.2 Single risk and portfolio risk perspective

The exposure normally contains two types of information: the location
and the value (denoting e.g. number of people in a given area or
replacement value of buildings and/or infrastructure) of the object at
risk. The values in the geo-referenced exposure layer represent the
spatial pattern and thus provide decision support for the portfolio risk
perspective. A neutral exposure value (e.g. exposure value set to one at
each location) allows the forecast system to illustrate the single risk
perspective (see 6.1.4). This comes normally at the cost, that the type
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of impact is not recognized from the pattern of the presented
information.

In Hemingway and Robbins (2020), the single risk perspective and the
location information are combined. Their presented vehicle
overturning model illustrates the risk of vehicles overturning due to
wind in a single risk perspective. Their model does not take into
account the traffic density (e.g., number of cars). The traffic density
would be needed to illustrate the portfolio risk perspective that e.g., a
road emergency service might need, without it single points cannot be
aggregated properly. Still the single risk is only displayed at the
locations of highways whilst the rest of the map is blank. The pattern
of the exposure locations strongly underlines that this warning system
focuses on the impact on traffic.

For building damages, impact-based warnings for a single risk
perspective can be calculated (see 6.1.4). From the forecasted loss
ratios per grid point and ensemble member, e.g. the probability of
reaching a certain loss ratio can be displayed, similar to an illustration
shown in Pardowitz et al. (2016). Now, it is possible to only display
the loss ratio for locations that have a large enough value per grid point
in the LitPop exposure layer (Figure 24). This mask is applied with the
goal to exclude e.g., the unpopulated mountain areas (a better
distinction between unpopulated and populated areas could be achieved
with a higher resolution exposure). Unfortunately, it is not as clear
which type of impact this warning information is focused on as with
the vehicle overturning model. Still a similarly fashioned illustration
will underline the impact focus for other types of socio-economic
impacts like dangers in forests, and road- and rail traffic delays, even if
they focus on the single risk perspective.
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Exceedance probability map Wed 03 Jan 2018 00-24UTC
threshold: loss ratio 0.001 %o 01.01.2018 00UTC +2d
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Figure 24 Impact-based warnings of the storm Burglind/Eleanor hitting Switzerland on
January 3rd 2018, at a lead time of two days. The probability of exceeding a loss ratio of
0.001 %o for building damages from wind is portrayed, but only for populated locations
(simple selection by only showing the top 66% most valuable grid points of the LitPop
exposure).

6.4 Win-win of impact forecast and risk assessments

Repurposing of impact models developed for risk assessment for
Impact forecasts may generate synergies that benefit both goals. E.g.,
the impact models presented in chapters 3 and 4 build on the
assumption that the majority of storm damage risk in Europe and in the
canton of Zurich could be modelled based on a winter windstorm
hazard set. Chapter 5 now justifies this assumption: on the one hand,
by confirming that 80% of the building damage due to the seven biggest
storm events in the more than 3 years was caused by winter
windstorms. On the other hand, the weather forecast model data was
shown to often misrepresent thunderstorms and to overestimate the
impact of Foehn storms. Both these problems could potentially be
present in reanalysis data as well. Additionally, the assumption that
wind damage is primarily caused by winter storms makes sense for
large scale damages, but on a sub-cantonal level, thunderstorm damage
needs to be included to best represent the local damage burden.

The two research fields should collaborate more deeply as they benefit
from each other’s learnings. Sharing models openly and using shared
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platforms (such as CLIMADA) does enhance the interoperability of
models and the cooperation of actors of these two fields.

6.5 Outlook

The findings and achievements of this thesis are only a starting point
for impact forecasting of weather events in both the academic as well
as the applied field. This section suggests new research topics or
practical implications to advance the topic of impact modelling for risk
assessments and weather warnings. The outlook is structured in five
sections. It quickly touches again on the overarching topic of
uncertainty (6.5.1). Then a possibility to model impacts based on
probabilistic gust speeds is proposed (6.5.2), followed by overarching
topics: impact data (6.5.3), risk assessment (6.5.4), and impact
forecasting systems (6.5.5) before ending with an outlook on options
appraisals for impact and cost reduction (6.5.6).

6.5.1 Uncertainty of exposure and vulnerability

Both chapter 4 and 5 propose in their outlook section to further study
the uncertainty of the impact model. As this topic is so prominent, it
has been discussed in detail in section 6.2. The uncertainty of exposure
and vulnerability can be represented using an ensemble of opportunity
(section 6.2.1). Such an ensemble could be used to answer the question:
Does the quantitative representation of these additional uncertainties
improve the usefulness of forecasts? How does the uncertainty in
exposure and vulnerability compare to the uncertainty of
meteorological forecasts?

6.5.2 Probabilistic hazard intensity for building damage models

In the impact model as used in this thesis, the hazard intensity is
represented by gust speed. Both in chapters 4 and 5 these intensities are
derived through gust parameterisation in weather models which report
the gust speed at each grid point on a 2.2 km or 4.4 km resolution over
the whole of the domain (Switzerland). The gust parameterisation is
normally calibrated to reflect the mean gust speed, whilst in reality gust
speed follows a distribution(Aglstsson & Olafsson, 2004). From
analysis of building damage claims and from the representation of the
vulnerability in impact functions, we know that only a certain
percentage of the exposed buildings is actually affected. If the
distribution of the gust speeds per grid cell would be known, the
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relevant percentile could be drawn form that distribution to be used in
the impact model. Two gust parameterisation presented by Brasseur
(2001) and by Born et al. (2012) provide a probabilistic gust
parameterisation approach that define the above mentioned distribution
of gust speed. To the best knowledge of the author of this thesis, such
probabilistic gust parameterisations have only been validated using
gust measurements, but their usage in an impact model has not been
investigated. In an experimental setup a weather model, either in
forecast or in reanalysis configuration, the two mentioned gust
parameterisations would have to be implemented to output their
probabilistic distribution of gusts. An impact model would have to be
set up to either consider a specified percentile of that distribution or use
the distribution to convolute with the distribution of building values for
the impact calculation. Such a convolution could be combined with the
stochastic approach to sample affected buildings introduced with the
proprietary building damage model of the cantonal building insurance
of the canton of Zurich GVZ in chapter 4. Considering probabilistic
gust speeds in the hazard component would increase the represented
uncertainty in the impact model. Additionally, it could be tested
whether the resulting mean or median impacts provide a more reliable
estimation of the risk as the previous deterministic model. The non-
linearity of the impact function does to some extent mimic this effect
in an implicit fashion already, hence any such test would also entail a
proper re-calibration of the whole setup.

6.5.3 Impact data

Impact data are a crucial element in the development of the presented
decision support tools based on impact models. Besides their broad use
in calibration, impact data are also a crucial ingredient in
communicating capabilities shortcomings of such tools. Especially
when incorporating impacts into weather warnings, impact data are an
indispensable element also for verification. The available public
datasets introduced in section 1.4 do not provide data on a high enough
spatial resolution, nor for all relevant impact types, nor do they cover a
large enough set of events. Therefore a more systematic and
harmonized collection of such impact data and consolidation of
existing impact data into one database is a prerequisite to further
development of impact models, in particular for warning applications.
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The path towards such a database is laid out by international guidelines
(JRC EU expert working group on disaster damage and loss data, 2015)
and exemplified in running projects. The project CESARE in Austria,
to which the author of this thesis contributed as a project member, is an
example also relevant in the Swiss context. Important steps in realizing
a comprehensive impact database include: (1) convening all relevant
stakeholders, including potential providers and users of such a
database, and including their knowledge and their needs in the design
process early on, (2) defining a structure and naming convention to
consolidate existing databases, (3) ensuring a systematic and regular
collection of impact data in the future and (4) provisions to guarantee
for operational usability and longterm sustainability of the database.

National Hydrological and Meteorological Services (NHMS) and other
warning agencies are best positioned to take a leading role in this
process, as they require these data for operationalizing and evaluating
Impact-based warning or impact forecast products. It is important to
use the time before the next “Burglind/Eleanor”-size event to
operationalize a more systematic collection and curation of impact
data, not least to issue reports at least as comprehensive as the one
presented in chapter 2.

6.5.4 Risk assessment

Climate services are a fast-growing field and new and more extensive
datasets will become available in the near future. The methodology for
a comparison between risk assessments based on claims or modelled
damages and their uncertainties (as presented in chapter 4) are
transferable to new datasets of winter windstorm events and also to
other hazard types.

One example to look out for is the PRIMAVERA dataset for winter
windstorms. It will provide probabilistic event footprints based on 1700
years of climate model simulations and also includes footprints based
on mid-century climate change scenarios (Lockwood et al., 2020).
Such open-access datasets in combination with open-source impact
models have the potential to set a new standard in risk assessments, not
least for legal requirements of insurance or physical risk disclosure
(e.g., Task Force for Climate-related Financial Disclosure, Westcott et
al., 2020), as laid out in chapter 4.
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The CLIMADA platform and the risk assessment implemented
specifically in chapter 4 showcase such an easily adaptable decision
support tool. Open-access datasets for other hazard types are available
(e.g. flood: Sauer et al., 2021) and readily available on the mentioned
platform.

6.5.5 Impact forecasting system

With this thesis, proof of concept for incorporating impacts in weather
warnings has been established. Many learnings are transferable to other
Impact forecasting endeavours. However, further research in general
and development in particular is often required still to switch any
particular warning system from hazard-based warnings towards
incorporating impacts for relevant hazards and socio-economic
impacts. For this, more examples that cover a wider range of
applications and studies for other hazard types would be helpful.
Further to that, organizational constraints and cultural barriers in
adopting new warning paradigms (WMO, 2015a) shall not be
underestimated when designing and managing such evolution of any
particular warning system. The following sections suggest further
examples and list what aspects they could explore and provide
guidance for.

Other impacts of winter windstorms

Impact data for socio-economic impacts other than building damages
of winter windstorms is not as readily available. Nevertheless, the
findings and general approach of impact forecasting can be transferred
to other socio-economic impacts. With the current definition of the
windstorm hazard, only exposure and vulnerability have to be changed
to simulate other socio-economic impacts of winter windstorms.
According to chapter 2, potential impact categories include forest
damages (impact metrics such as number of trees or m® of wood felled)
and traffic and electricity interruptions (impact metric e.g. hours of
disruption, transport kilometres lost, number of houses without
electricity). For forests, the impact functions published by Feuerstein
et al. (2011) describing the wvulnerability of diseased/unstable
treestands, strong tree stands as well as edge trees, as well as leafy and
bare branches can serve as a starting point. A special focus has to be
given to the exposure, as forests are constantly growing and changing,
and species, age and height have an influence both on the exposure and
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on the wvulnerability. For interruptions to traffic or electricity,
operational and maintenance management play an important role next
to the physical weather risk. Thus, the collaboration with service
providers will be a key aspect in the development of such an impact
forecasting system. For such collaborations it’s important to plan with
enough time for the interaction between the project partners in order to
properly co-design and -develop a warning system for proper use
(Fischer et al., under review).

Other hazards

The presented methodology and the implementation are compatible
with all other hazard types. A first candidate for an additional hazard
type relevant in Switzerland is rainfall and subsequent pluvial flooding.
This could be brought to use within an application to assess and
forecast the impact of heavy rain on emergency service operations. The
study “Starkniederschldge und Einsatzplanung von Schutz & Rettung
Zirich” by the Federal Office for Civil Protection (2019) already
established a threshold-based vulnerability and exposure, that is ready
to be implemented in the forecast class in CLIMADA.

In general, bringing more stakeholders to the table would be beneficial
for the acceptance of impact forecasting for natural hazard warnings in
Switzerland. Taylor et al. (2019) highlighted the importance that users
understand that impact based warnings are indeed impact based and not
hazard based. As Switzerland is using a multi-hazard platform, a
mutual move to incorporating impacts might be advisable to be able to
inform users accordingly. This would mean that starting initial projects
with other warning providers like the Federal Office for the
Environment (FOEN) for hydrological hazards or the Institute for
Snow and Avalanche Research (SLF) for avalanche risk would be
strategically advisable. Early dialogue with PLANAT (the National
Platform for Natural Hazards with the objective to advance risk
management in Switzerland) might also open avenues for co-design
and development with public and private actors.

Compound events

One particular advantage of using weather forecasts as a hazard in
impact forecasting is its potential to provide congruent representations
of multi-hazard and compound phenomena (Zscheischler et al., 2018).
The interaction of multiple hazards in a compounding event can

132



increase or decrease vulnerability, exposure, and subsequently change
the magnitude and nature of impacts (Zscheischler et al., 2020; Hillier
et al.,, 2020). The phenomenon of winter storms is not only
accompanied by strong gusts, but also heavy precipitation and ensuing
floods, landslides and even possibly avalanches following heavy
snowfall. E.g., for the Swiss rail company SBB, all of these hazard
types are relevant for their service and a collaboration with them could
analyse the benefit of a compound event perspective compared to a
single hazard perspective for impact forecasting could be illustrated
and the interaction between the hazard types and its influence on the
interruptions could be analysed. First steps in this direction are
undertaken, with the CLIMADA platform having been coupled to the
RAMMS avalanche model of the Institute for Snow and Avalanche
Research SLF (Ortner et al., 2020).

Time-dependent impacts

Weather forecasts provide hazard information with a precise timing of
the occurrence. This could be used to combine such hazards with time-
dependent exposure and vulnerability information to arrive a time-
dependent impact forecasts. Perrels et al. (2015) build a detailed
quantitative model on the influence of bad weather conditions on road
accidents in Finland. They found that freezing and thawing lead to a
higher crash risks in the early winter months, than in late winter, which
could inform a time-dependent impact function. Additionally, the
traffic density is changing based on the day of the week and time of
day, which could inform a time-dependent exposure.

This concept, if successful, would be adaptable to many societal
impacts e.g., weather dependent impacts related to travel and leisure
activities. For example, the danger in forests - reflected in the
behavioural recommendation to stay away from forests during strong
winds (Natural Hazards Portal Switzerland, 2021) - could potentially
lead to higher impacts due to increased exposure during time periods
with high leisure activity like weekends compared to time periods with
lower leisure activity such as during night time.

Using qualitative information to configure a quantitative model

Using moderated stakeholder dialog and expert workshops, exposure
and vulnerability could well be defined in a transdisciplinary
collaboration in case the otherwise-needed quantitative impact data is
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not available for calibration and verification (compare section 1.6.3 and
Souvignet et al., 2016). This would be especially useful for impacts
with little data available and for impacts that are less easy to quantify.
It would be interesting to study the acceptance and attributed
trustworthiness of such impact forecasts by conducting surveys or
interviews with experts, forecasters, specific decision-makers and
members of the public, both before, during development and after
implementation of such a warning system.

Get to know the user, also for general public

NHMS need a detailed knowledge of the broad panel of (potential)
users to provide impact forecasts catering to their needs. This is true for
decision-makers in partner organisations of the NHMS as well as for
members of the general public. In a future implementation of impact-
based warnings or impact forecasts for members of the public, it could
be crucial both to provide a reasonable default configuration and ensure
that each user — or user segment — is able to specify which impacts are
particularly relevant for them. Already today, MeteoSwiss provides
information about expected impacts and behavioural recommendations
to each warning type and level. In a first step, the user could select
which of the expected impacts and behavioural recommendations are
most relevant to them. If possible, this could be done specifically for
each location a user wishes to receive warning notifications for. The
most relevant information would then be featured more prominently in
warning notifications, e.g., by simply changing the order in the list.
Further down the line, the user profiles constructed from such
selections could be extended based on, e.g. car ownership, personal
mobility, age, housing, etc. to provide even more tailored impact
information. Additionally, the user profiles could help the NHMS to
find and prioritize future development needs to provide the most
relevant impact information and behavioural recommendations.

6.5.6 Options appraisal

Both decision support tools presented in chapters 4 and 5 model the
impacts of winter windstorms event based and spatially explicit. For
the interested user, damage and cost reductions through modelled
adaptation and mitigation options could readily be implemented on the
CLIMADA platform, as done already for Economics of Climate
Adaptation studies worldwide (Bresch & Aznar-Siguan, 2021). Such
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an implementation would allow for providing the cost-benefit ratio and
other inputs into a multi criteria analysis or option appraisal. In the case
of impact forecasts, looking at option appraisal for a user means a
deeper conversation about the possible options applicable prior to
extreme weather events. This conversation allows the testing of
different strategies using the forecast scenarios of previous events.
Next to the strategic benefits of such an endeavour another possible
outcome are individualized behavioural recommendations tailored to
the user that could speed up the decision on preventive options in the
short time available prior to an event.
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/ Conclusions

This thesis developed, presented and discussed decision-support tools
around the socio-economic impacts of winter windstorms in the alpine
region. The tools provide straight-forward and usable risk assessments
in the metric of the socio-economic impact. The computational tools
are implemented in the event-based and probabilistic risk assessment
platform CLIMADA. The risk of the socio-economic impacts is
modelled as a combination of hazard, exposure, and vulnerability. The
hazard is based on meteorological or climatological data on the
location, intensity and probability of winter windstorm events. The
exposure represents the value at risk and is typically defined
specifically for a respective application or use-case. Exposure data
includes the spatial extend, location and distribution of the values. The
vulnerability is defined by an impact function linking the wind gust
intensity with damage ratios. The model output is calibrated and
validated using data on observed socio-economic impacts (e.g.,
building damage). These prototypes are shared open-source and open-
access to allow future research on risk assessments as well as allow the
uptake of these methodologies by decision-makers in society. For this,
the methods and results are presented and discussed in technical reports
and scientific publications. Complementarily, the wuse and
interpretation of modelled socio-economic impacts in decision-making
are illustrated and discussed with applied examples.

In chapter 2, the impact of the winter storm Burglind/Eleanor (3
January 2018) were collected and reviewed to form an understanding
of the socio-economic impacts of winter windstorms and the severity
of individual events. Chapter 3 evaluates a new and openly available
dataset of the intensities of historic and synthetic winter windstorm
events by comparing it both to industry and research data. In chapter 4,
the risk of building damage due to winter windstorms for the canton of
Zurich, Switzerland is assessed based on a claims-based perspective
and a probabilistic risk modelling approach and the associated
uncertainties are discussed. In chapter 5, an impact forecasting system
for building damages in Switzerland is build and deployed as a semi-
operational prototype. The skill of the forecasted building damage is
assessed in a comparison with insurance claims data.
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Relevant learnings can be drawn from the implementations of the
decision support tools and their results, both for research and
application. The impact model helps derive straight-forward impact
and risk information from climatological or meteorological data. The
exposure plays an important role in defining the focus of the resulting
information: In chapter 4, it represents the specified portfolio of an
insurer and allows the assessment of the risk such as exceedance
frequency curves. This portfolio-specific risk cannot robustly be
derived only by analysing claims data nor can it be derived from pan-
European analysis. In the context of warnings, the incorporation of
exposure values provides a portfolio risk perspective, instead of the
single risk perspective if no exposure values are provided. It
additionally helps to underline the impact focus of the warning by
showing a recognizable pattern in illustrations of the impact forecast.

Another key learning from this thesis underlines the need for
systematic collection of high quality impact data of a wide spectrum of
socio-economic impacts. Impact data are a crucial requirement for
calibrating and evaluating impact forecasts. Collecting impact is a
prerequisite, if the benefit of the presented decision support tools
should be harvested in other applications.

In future projects, more components of the impact model should be
defined probabilistically, e.g., a probabilistic representation of impact
functions, that link hazard intensities not only with the best guess of
expected damage degree but also with the spread of possible outcomes.
With that, the uncertainty can be assessed in a quantitative way.
Additionally, the second-order uncertainty of such modelling
approaches can be highlighted by combining different implementations
of exposure and vulnerability components of impact models in an
ensemble of opportunity. The relevance of representing a fuller picture
of the uncertainty can then be discussed in the context scientific
findings as well as applied purposes.

The proof of concept for incorporating impacts like building damage in
weather warnings has been demonstrated with this thesis. This
prototype is a stepping-stone in bringing impact models up to the same
quality and dependability as existing hazard models. This achievement
will help to shape the current discussion in National Hydrological and
Meteorological Services about incorporating socio-economic impacts
into weather warnings. The presented and deployed prototype is built
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in a flexible structure. The implementation in CLIMADA can represent
all degrees of incorporating impacts into warning systems — from
hazard-based warnings to impact-based warnings to the shown impact
forecasts. The system is also readily adaptable to other types of hazard
such as e.g., heavy precipitation, and impact types such as e.g., forest
damages and affected population. Impact forecasting for weather
warnings should not fall behind the standards set by this thesis
regarding the spatially explicit modelling using hazard, exposure and
vulnerability.

Future research and applications can profit from the transparently
documented and openly shared implementations. The full potential of
the open-source tools presented here can be realised in combination
with (1) the increasingly available climatological data in the context of
“climate services” and (2) meteorological forecasts with open data-
access and application programming interfaces (API) to numerical
weather prediction data. The integration of forecasts and climatological
risk in one platform can help foster a seamless exchange between the
two fields, for example, the representation of new hazards and
compound events could profit from this exchange. The impact
forecasting system for building damages is readily available as a
decision support tool in the building insurance sector. The open-source
implementation lends itself to be extended into a full option appraisal
tool by additionally modelling adaptation and mitigation options and
the resulting damage and cost reductions.
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Figure 25 Probability density functions of the maximum gust speeds at building level in the
canton of Zurich for the three hazard event sets “WISC historic” (brown), “WISC probabilistic
extension” excluding the parent windstorms (yellow), and “WISC synthetic” (green). The
maxima of the individual distributions are shown as dashed vertical lines. In the GVZ
damage model, damage is possible from a wind gust speed of more than 90 km/h, which is
here indicated by a grey solid vertical line.
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Figure 26 (a) Terrain height for the canton of Zurich (colour scheme) according to a digital
elevation model with a horizontal grid size of 200 m (source: Swiss Federal Office of
Topography; Swisstopo, 2019). In addition, the spatial distribution of all buildings insured by
GVZ is indicated and the urban areas of the two main cities, Zurich (left) and Winterthur
(right), are marked in blue. (b) Total building sum insured for each municipality (colour

scheme).
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(a) Normalised insured damage (WISC historic & observed footprints)
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Figure 27 Variability of windstorms and associated damages in the canton of Zurich: (a)
normalised insured damage, (b) modelled windstorm damage based on the GVZ damage
model and the hazard event sets “WISC historic” and “observed footprints”, (c¢) modelled
windstorm damage based on the CLIMADA impact model and “WISC historic”, and (d)
maximum gust speeds at building level in the canton of Zurich according to “WISC historic”
(black stem plot). The filled time series in (d) additionally shows the 5-year moving average
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of the yearly maximum gust speeds in the canton of Zurich. The period for which “WISC
historic” hazard data (“observed footprints’) is available is shaded grey (yellow) in (a) and
(b). The windstorm events Vivian/Wiebke, Lothar/Martin, and Burglind are marked.

9.5 Appendix to chapter 5
9.5.1 Data and Code Availability

The scripts reproducing the main results of the paper and the main
figures are available under http://doi.org/10.5281/zen0d0.4696214
(Ro6sli, 2021). Using the openly shared methodology and software
code, the presented impact forecast can be calculated for any European
country based on open forecast data of the German weather service
(https://opendata.dwd.de/).

CLIMADA IS openly available at GitHub
(https://github.com/CLIMADA-project/climada_python, Aznar-
Siguan and Bresch, 2019; Bresch and Aznar-Siguan, 2021) under the
GNU GPL license. The documentation is hosted on Read the Docs
(https://climada-python.readthedocs.io/en/stable/) and includes a link
to the interactive tutorial of CLIMADA. CLIMADA v2.1.0 was used
for this publication, which is permanently available at:
http://doi.org/10.5281/zenod0.4659173.

The COSMO weather forecast data can be ordered through
MeteoSwiss: https://www.meteoschweiz.admin.ch/.

The reported building damages of the claims database are proprietary
data of the cantonal building insurance of the canton of Zurich GVZ.
For future academic studies, inquiries can be directed at the natural
hazards team of GVZ.
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