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Abstract

The powerful impact of tropical cyclones disrupts societies in many coastal regions in the tropics and
subtropics. For example, Hurricane Ian (2022) wreaked havoc in western Cuba with sustained winds
over 200kmh™!, leaving the entire island without power and prompting the evacuation of over
38,000 residents. Continuing towards the US coast, the tropical cyclone intensified into a Category 4
storm on the Saffir-Simpson scale (1-5). Upon making landfall in Florida, Hurricane Ian claimed
over 100 lives and left millions without electricity, becoming the state’s costliest tropical cyclone
with estimated insured losses between 50 to 65 billion USD. This recent hurricane illustrates the
destructive nature of such events too well. Tropical cyclones not only cause immediate destruction
but also have long-term impacts on developmental progress in affected areas and include broader
economic disruption of global supply chains and markets. Climate change is projected to intensify
tropical cyclone hazards while socio-economic development leads to an expansion of population and
assets potentially in harm’s way. Together, both factors exacerbate tropical cyclone risks, making
accurate and reliable risk assessments imperative for effective planning, risk reduction, and response
strategies. However, uncertainties in current risk assessment models and approaches complicate

reliable tropical cyclone risk assessment.

In this thesis, I aim to identify and systematically quantify crucial uncertainties in global tropical
cyclone risk assessments. Three specific aims underpin this overarching objective. Firstly, I analyze
how the choice among different available global tropical cyclone track sets influences calculations
of expected present-day impact. Based on this, I provide guidance on the relative advantages and
disadvantages of each track set depending on the application. Secondly, I quantify the drivers and
uncertainties of future global tropical cyclone risks, attributing these uncertainties to variations
in model input factors. Lastly, I synthesize uncertainty and sensitivity analyses across multiple
hazard models and evaluate these by uncertainty types in order to provide perspectives on the
implications and reducibility of uncertainties. Explored over four chapters, these aims collectively
enhance the reliability and value of tropical cyclone risk assessments for risk analysis, research, and

decision-making.

Present-day tropical cyclone risk assessment relies on synthetic models, as sparse historical
observations limit the reliability of these assessments. Although validated and applied in diverse
contexts, these synthetic tropical cyclone models have not been directly compared as input hazard
datasets in catastrophe models for tropical cyclone risk and loss estimation. In response, this thesis
introduces the first intercomparison of four global-scale synthetic tropical cyclone datasets, evaluating
their performance through various risk metrics. To achieve this, I use the open-source CLIMADA
(CLIMate ADAptation) platform, integrating hazard, exposure, and vulnerability data to estimate risks.

Adopting a multi-model perspective, I simulate risk as the direct economic damage of tropical cyclones
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on the built environment. Through this comparison, it is evident that selecting an appropriate hazard
set is crucial, particularly when examining tail events, analyzing basins with limited historical event
sets, or focusing on small areas. In these cases, modelled losses vary by more than an order of

magnitude across the different synthetic hazard sets.

Future tropical cyclone risk assessment requires additional model input layers representing future
climate and socio-economic systems, each introducing its own set of uncertainties. While previous
studies have explored changes in the physical properties of tropical cyclones or future tropical cyclone
exposure, none have conducted a systematic uncertainty and sensitivity analysis throughout the
entire risk model. To address this gap, I conduct such an analysis for future tropical cyclone risk
estimates, incorporating a wide range of hazards from various climate models and emission scenarios,
along with alternate representations of socio-economic development and variations in vulnerability.
Furthermore, it is crucial to note that uncertainty and sensitivity analyses are intricately linked to
the selected model setup. The interpretation and extrapolation of results thus warrants caution.
Consequently, this thesis contrasts uncertainty and sensitivity analyses of future tropical cyclone risks
across four hazard models to discern their influence on outcomes.

The results derived from analyzing drivers of future tropical cyclone risk highlight non-trivial interac-
tions between climate change and socio-economic development, which are not the mere sum of their
parts nor simple, a posteriori multiplication of hazard and exposure. Moreover, I find that socio-
economic factors consistently drive increased risk across all hazard models. In contrast, the results
of the uncertainty and sensitivity analysis differ between hazard models. For example, results based
on the MIT model are sensitive to the underlying global climate model. Interestingly, the climate
sensitivity of these models serves as a powerful indicator of subsequent changes in tropical cyclone
risk. Conversely, risk estimates derived from CHAZ, STORM, and climate-conditioned IBTrACS are

primarily influenced by exposure scaling based on Shared Socio-economic Pathways.

This thesis advances the understanding and quantification of uncertainties in present-day and
future global tropical cyclone risk assessments. It guides modelers in hazard set choice, thereby
strengthening risk assessment reliability. The systematic assessment and quantification of uncertainty
and sensitivity enhance both the transparency and depth of risk assessments. By synthesizing uncer-
tainty and sensitivity analyses across multiple hazard models and discerning whether uncertainty
originates from randomness in the system, our limited knowledge, or normative choices, it offers
further guidance to navigate the implications and reducibility of uncertainties. This advancement
aids model developers in focusing research efforts on significant model inputs for reducing output
uncertainty. It also provides decision-makers with a more representative range of plausible future
outcomes, presenting a more robust and valuable information basis. Together, the insights and ap-
proaches presented in this thesis advance global tropical cyclone risk assessments, yielding enhanced

and actionable insights in the face of uncertainty.



Resumaziun

La starmentusa repercussiun entras stemprads tropics turmenta la societad en bleras regiuns a las
costas da las tropas e subtropas. Il hurican Ian (2022) ha per exempel chaschuna devastaziuns en
il vest da la Cuba cun bufs da vent da pli che 200kmh™!, uschia che lentira insla & stada senza
electricitad e varga 38,000 residents en vegnids evacuads. Il ciclon tropic ha cuntinua en direcziun da
la costa dals Stadis Unids ed ¢ s’intensiva ad in stempra da la categoria 4 sin la scala Saffir-Simpson
(1-5). Cun l'arrivada a Florida ha il hurican Ian chaschuna dapli che 100 victimas, priva milliuns da
persunas da l’electricitad ed € cun 50 fin 65 milliardas USD donns assicurads il pli char ciclon tropic
dal stadi.

Quest hurican recent illustrescha fitg bain la natira destructiva d’eveniments sco tals. Ciclons
tropics n’han betg be per consequenza devastaziuns immediatas, ma era effects a lung term sin il
svilup en las regiuns pertutgadas inclus vasts disturbis economics da chadainas da furniziun globalas
e da martgads. I vegn prognostitga che la midada dal clima vegn ad intensivar las ristgas da ciclons
tropics, fertant ch’il svilup socio-economic maina ad ina expansiun da la populaziun e da las valurs da
facultads potenzialmain en ristga. Omadus facturs rinforzan las ristgas da ciclons tropics, uschia che
la stimaziun accurata e reliabla da ristgas € imperativa per ina planisaziun effectiva, per ina reducziun
da ristgas e per strategias da reacziun. Ma ozendi cumplitgeschan intschertezzas da models e da

metodas da stimaziun da ristgas ina stimaziun reliabla da las ristgas da ciclons tropics.

En questa lavur hai jau per finamira d’identifitgar e sistematicamain quantifitgar intschertezzas
decisivas en la stimaziun da ristgas da ciclons tropics globala. Trais finamiras specificas assistan questa
intenziun principala. Emprim, jau analisesch sco la schelta tranter differents sets da trajects globals
disponibels da ciclons tropics influenzescha la calculaziun d’ozendi da consequenzas spetgadas.
Sin questa basa offrel jau ina survista d’avantatgs e disavantatgs relativs da mintga set da trajects
dependent da l'applicaziun. Sco segund, jau quantifitgesch ils stimuls e las intschertezzas da las
ristgas futuras globalas da ciclons tropics, attribuind questas intschertezzas a variaziuns da facturs
d’endataziun dals models. Ultim, jau sintetisesch analisas d’intschertezza e da sensitivitad per
differents models da privels ed evaluesch questas tenor tips d’intschertezza per offrir ina perspectiva
sin las implicaziuns e pussaivlas reducziuns da talas. Cun ina exploraziun sur quatter chapitels mainan
questas finamiras communablamain ad ina meglieraziun da la reliabilitad e valur da stimaziun da

ristgas da ciclons tropics per I'analisa da ristgas, la perscrutaziun e proceduras da decisiuns.

Las stimaziuns da ristgas da ciclons tropics d’ozendi sa fundan sin models sintetics perquai
ch’observaziuns istoricas en stgars e limiteschan la reliabilitad da questas stimaziuns. Era sche quels
models en validads ed applitgads en divers contexts n’en quests models sintetics da ciclons tropics betg
directamain vegnids cumparegliads sco sets d’input da datas da privels en models da catastrofas per la

valitaziun da ristgas da ciclons tropics e da donns. Questa lavur porscha 'emprima cumparegliaziun
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da quatter sets da datas da ciclons tropics sin nivel global, evaluond lur performanza cun 'agid
da differentas mesiras da ristga. Per pudair realisar quai nizzegel jau la plattafurma open-source
CLIMADA (CLIMate ADAptation), integrond datas davart privels, exposiziun e vulnerabilitad per
valitar las ristgas. Cun ina perspectiva da plirs models simulesch jau las ristgas operaziunalisadas sco
donns economics directs da ciclons tropics sin 'ambient cultiva. Tras questa cumparegliaziun vegn
evident che la schelta d’in set da privels adequat € decisiva, en spezial per eveniments marginals, per
I'analisa dad intschess cun pacs eveniments istorics ni cun in focus sin regiuns pitschnas. En quests
cas varieschan ils donns modellads per dapli ch’ina dimensiun tranter ils differents sets da privels

sintetics.

La stimaziun da ristgas da ciclons tropics en il futur basegna ulteriurs nivels d’input da model che
represchentan il clima ed ils sistems socio-economics futurs, tge che agiunscha ulteriuras intschertez-
zas. Studis existents han explora midadas da las caracteristicas fisicas da ciclons tropics ni 'exposiziun
futura a ciclons tropics, ma nagins studis han realisa ina analisa sistematica da l'intschertezza e da
la sensitivitad da I'entir model da ristga. Per adressar questa largia en la perscrutaziun realisesch
jau uscheé in’analisa per la stimaziun da la ristga da ciclons tropics en il futur, includend ina vasta
dimensiun da privels da differents models da clima e scenaris d’emissiuns sco era represchentaziuns
alternativas dal svilup socio-economic e variaziuns da lur vulnerabilitad. Igl & plinavant decisiv da
resguardar che las analisas d’intschertezza e sensitivitad eén fermamain entretschadas cun la configu-
raziun dal model. L'interpretaziun ed extrapolaziun dals resultads pretenda uschia prudientscha. Per
quai motiv cuntrastescha questa lavur las analisas d’intschertezza e sensitivitad da quatter models da

privel per distinguer lur influenza sin ils resultads.

IIs resultads derivads da I’analisa da stimuls da ristgas da ciclons tropics el futur accentueschan
las interacziuns nun-trivialas tranter la midada dal clima ed il svilup socio-economic, che n’én ni be la
summa da lur parts ni simplamain ina multiplicaziun a posteriori da lur privels ed exposiziun. Ultra
da quai constatesch jau ch'’ils facturs socio-economics stimuleschan consequentamain ristgas elevadas
en tut ils models da privel. Sco cuntrast differenzieschan ils resultads da I'analisa d’intschertezza e
sensitivitad tenor model da privel. Per exempel én ils resultads sin fundament dal model MIT pli
sensitivs al model climatic global. La sensitivitad sin il clima da quests models ¢ in interessant e ferm
indicatur da las consequenzas per la ristga da ciclons tropics. Da l'autra vart en stimaziuns da ristgas
derivadas da CHAZ, STORM e da IBTrACS cundiziuna sin il clima primarmain influenzadas da la

scala d’exposiziun sin basa dals percurs socio-economics communabels.

Questa lavur avanza la chapientscha e quantificaziun dad intschertezzas en las stimaziuns da
ristgas da ciclons tropics globalas dad ozendi e dal futur. Ella guida modellaturs tar la schelta
da sets da privels e rinforza uschia la reliabilitad da la stimaziun da ristgas. Cun giuditgar e
quantifitgar sistematicamain l'intschertezza e la sensitivitad vegnan usche bain la transparenza
sco era la profunditad da stimaziuns da ristgas megliuradas. Tras la sintetisaziun da las analisas
d’intschertezza e da sensitivitad cun plirs models da privel e cun percepir sche l'intschertezza
originescha en la casualitad dal sistem, da nossa savida limitada u da scheltas normativas, vegn
purschi in mussavia per navigar las implicaziuns e reducibilitad dad intschertezzas. Quest avanzament
gida a sviluppaders da models da focusar la perscrutaziun sin inputs significativs da models per

reducir l'intschertezza da 'output. Ella porscha era ina survista pli represchentativa dals resultats
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futurs plausibels ed ina basa pli robusta e valurusa d’infurmaziuns per purtadras da decisiuns. Las
invistas e metodas preschentadas en questa lavur avanzan ensemen la stimaziun da ristgas da ciclons

tropics globala, effectuond invistas megliuradas e la capabilitad d’agir en vista a l'intschertezza.
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CHAPTER

Introduction

Tropical cyclones (TCs) represent one of the most devastating natural hazards, causing extensive
loss of life, livelihoods, and infrastructure, particularly in coastal and island regions. For instance,
Hurricane Katrina in 2005 resulted in over 1,800 fatalities and an estimated 125 billion USD in
damage (Knabb et al., 2005), while Typhoon Haiyan in 2013 killed at least 6,300 people in the
Philippines (NDRRMC, 2014). Most recently, Hurricane Idalia was included in the 2023 list of billion-
dollar weather and climate disasters, as it caused losses exceeding 1 billion USD in the United States
(NCEI, 2023). The situation is further aggravated by climate change, which is expected to intensify
the frequency and severity of these extreme weather events, and by socio-economic development
that often places more people and assets in high-risk coastal areas. Furthermore, tropical cyclone
impacts extend far beyond immediate damage, setting back years of developmental progress and
requiring billions of dollars for recovery and rebuilding efforts (Hsiang and Jina, 2014; Hallegatte
et al., 2017; Berlemann and Wenzel, 2018; Hallegatte et al., 2017). In this context, the importance of
reliable tropical cyclone risk assessment cannot be overstated; it is indispensable for various sectors

all aimed at enhancing resilience against these catastrophic events.

Acting as the foundation of emergency planning, infrastructure design, insurance pricing, and
policy formulation, risk assessments are tailored to meet the distinct and specific needs of each sector.
For instance, emergency management services require short-term forecasts for evacuation planning
(e.g., Merz et al., 2020), while urban planners need long-term risk assessments for infrastructure
development (e.g., UNISDR, 2015). The insurance industry, on the other hand, necessitates a blend
of short-term and long-term assessments, but with an added emphasis on quantifying financial
risk. This raises the issue of fitness for purpose (Parker, 2010), as different sectors may require
different types of model outputs and varying degrees of precision and spatiotemporal resolution.
These diverse specifications pose challenges in developing universally applicable risk assessment
tools. Indeed, a uniform modelling approach is unlikely to meet the diverse requirements of all
stakeholders. Understanding this variability in needs is crucial for the development of tailored risk

assessment tools and consequently for the evaluation thereof.

Furthermore, the demand for robust climate risk assessments, including for tropical cyclones, is
emerging in new areas like the Task Force on Climate-related Financial Disclosures (TCFD) (TCFD,
2017) and Loss and Damage (UNFCCC, 2007) funding mechanisms discussed in COP27 (UNFCCC,

2023) while it is changing in traditional sectors like insurance. The TCFD, for instance, is particularly
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interested in how extreme weather events could impact financial markets, shareholder value, and
long-term business sustainability (TCFD, 2017). Therefore, their focus is often on high-resolution,
probabilistic models that can provide detailed risk scenarios over multiple time horizons, which can
be used for stress-testing financial resilience. Loss and Damage mechanisms are focused on assessing
both the immediate and long-term economic and social impacts of climate-related disasters (UNFCCC,
2007; UNFCCC, 2023). These mechanisms require assessments that link to economic models to
quantify the potential for irreversible loss, such as loss of livelihoods or permanent displacement. In
contrast, traditional markets like the insurance sector are undergoing shifts as requirements for robust
tropical cyclone risk assessments are evolving. Regulatory changes and climate-aware frameworks
like the above-mentioned TCFD (TCFD, 2017) are pushing these sectors toward more advanced
modelling and public risk disclosure. Furthermore, the insurance industry faces a notable challenge
posed by the increasing destructive potential of tropical cyclones, which are leading to issues of
uninsurability, where the risks are so high that they cannot be effectively covered under traditional
insurance models (Gray, 2021; Flavelle, 2022; Smith, 2023). This impacts both the insurers and
the insured, causing a shift towards more complex financial instruments like catastrophe bonds
and greater reliance on public-private partnerships for disaster coverage (Kunreuther, 2000; Swiss
Re, 2021, 2023; Jarzabkowski et al., 2023). This changing landscape adds complexity to existing

operations and mandates a shift toward more adaptive and transparent practices.

The paucity of observations for tropical cyclones is a significant challenge in risk assessment.
While satellites have greatly improved our ability to monitor these systems, reliable observational
data has only been available for a few decades, providing a relatively short history for analysis (Knapp
et al., 2010). In addition, the focus of risk assessment is primarily on landfalling tropical cyclones,
which represent a subset of the storms that form over open oceans. Moreover, not all coastal regions
that are potentially at risk have experienced a direct hit, creating a heterogeneous and incomplete
picture of the true risk landscape (Weinkle et al., 2012). This data scarcity necessitates the use of
numerical models to fill in the gaps. However, such tropical cyclone models vary considerably in
structural design, from simplistic statistical models (Vickery et al., 2000) to complex, statistical-
dynamical (Emanuel et al., 2006; Lee et al., 2018) or fully dynamical models (Roberts et al., 2020b).
Regardless of their structural differences, all models are subject to inherent uncertainties. For
instance, these can arise from approximations in physical processes, initial condition sensitivities,
and the stochastic nature of weather systems. These uncertainties are not isolated; they interact and
compound when integrated into comprehensive risk models, which hinge on the interplay of hazard,
exposure and vulnerability. The hazard defines the physical attributes of tropical cyclones, including
their intensity, frequency and geographical location. Exposure delineates the spatial mapping of
potentially affected populations, assets, and ecosystems. Meanwhile, vulnerability quantifies their
susceptibility to damage or harm. As these components are modeled and integrated, each layer
introduces distinct uncertainties, further complicating the challenging task of producing reliable risk

assessments.

This thesis investigates state-of-the-art tropical cyclone models and risk assessment approaches
with an emphasis on the quantification of uncertainties and sensitivities. By adopting a multi-model

perspective, it aims to deliver a nuanced understanding of both current and future global tropical
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cyclone risks. The primary objective is to identify and systematically quantify the crucial sources of
uncertainty in global tropical cyclone risk assessments. This endeavor guides the prioritization of
future research and fosters the design of more robust and tailored risk assessments, responding to
the growing need for dependable, actionable risk information and facilitating the development of
sector-specific strategies. Such strategies are crucial to minimize the broader societal, economic, and

environmental impacts of tropical cyclones in a changing climate.

1.1 Aims and focus of the thesis

This thesis seeks to answer the following overarching research question: What are the crucial
sources of uncertainty in global tropical cyclone risk assessments, and how does the systematic
assessment and quantification of these uncertainties enhance the value for risk analysis, research

and decision-making?

More specifically, the aims of this thesis are to:

I Compare the most influential, academically available, present-day, global tropical cyclone track
sets on the impact level and provide guidance on which hazard set to choose depending on the

application.

II Systematically quantify the drivers and uncertainties of future global tropical cyclone risk

changes, attributing these uncertainties to variations in model input factors.

III Synthesize uncertainty and sensitivity analysis of future global tropical cyclone risk changes

across various hazard models and reflect on the implications for risk modeling.

The three aims are investigated in four chapters, which consist of three original scientific publica-
tions and an additional thesis chapter. Aim I is addressed in Chapter 2, Aim II in Chapters 3 and
4, and Aim III is covered in Chapter 5. The following sections briefly introduce the content of the

chapters and my contributions to further publications that are relevant to the aims of the thesis.

1.1.1 Intercomparison of regional loss estimates from global synthetic tropical cy-
clone models (Chapter 2)

There is a growing need for consistent global tropical cyclone risk assessments, particularly to inform
adaptation planning, risk reduction strategies, and physical risk disclosures. While synthetic tropical
cyclone models help address the spatial and temporal constraints of historical data, no prior study
has evaluated their performance and applicability in risk assessments. We thus present the first
global model intercomparison of the most influential (academically available/non-commercial)
synthetic tropical cyclone hazard sets as input for tropical cyclone risk modelling. We find that the
choice of hazard set becomes more critical when studying tail events, basins with smaller historical
event sets, and in small areas. In these cases, we discover modelled losses to vary by more than
an order of magnitude across the different synthetic hazard sets. Furthermore, our study provides
guidance for other researchers to determine the applicability of each hazard set depending on the

research objective. Such insights are directly relevant for risk assessment efforts both in public (e.g.,
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academia, policymakers, and non-governmental organizations) and private sectors (e.g., consultancy

and (re)insurance companies).

1.1.2 Drivers, uncertainties and sensitivities of future tropical cyclone risks (Chapter 3
and 4)

Changes in the climate and socio-economic systems largely drive future tropical cyclone risks (e.g.
Mendelsohn et al., 2012; Gettelman et al., 2018; Geiger et al., 2018). However, quantifying these
future risks is particularly challenging because it requires dealing with the absence of robust verifi-
cation data (Pianosi et al., 2016; Wagener et al., 2022) and large, possibly cascading uncertainties
in the model input components and model structure (Kropf et al., 2022). In Chapters 3 and 4, we
thus assess the drivers of future tropical cyclone risk and perform a systematic uncertainty and
sensitivity analysis throughout the entire TC risk model. We conduct two individual studies using
tropical cyclone hazard sets of two distinct tropical cyclone models in an otherwise unchanged
setup. This effort results in two separate scientific publications presented as Chapters 3 and 4 in this
thesis. Our results surpass the standard climate risk analyses, which often only provide a comparably
basic uncertainty estimation but rarely include a thorough, systematic global sensitivity analysis.
Specifically, we study tropical cyclone risk increases across various global climate models (GCMs),
greenhouse gas emission scenarios, socio-economic development factors, wide ranges of vulnerability,
and other risk model input variables. This allows us to explore a broad uncertainty distribution
of model outputs and assess how these variations can be attributed to variations in input factors.
The results of both chapters reveal that socio-economic development contributes more strongly to
future tropical cyclone risk increases than climate change. However, there is divergence on which
of the two is the more uncertain risk driver. Moreover, we demonstrate that it is crucial to include
socio-economic development in future tropical cyclone risk assessments because, effectively, climate
impacts manifest as non-trivial interactions between the two components. Besides, we find that
the choice of GCM underlying the tropical cyclone hazard set is the input variable with the most
significant impact on tropical cyclone risk change calculations for the study setup of Chapter 3. Most
strikingly, the related climate sensitivity is a powerful indicator of the resulting tropical cyclone
risk change. In Chapter 4, we identify the exposure scaling based on the Shared Socioeconomic
Pathways (SSPs) as the input variable with the most significant impact on tropical cyclone risk change
calculations. Finally, we assert that the value of climate risk assessments is substantially increased by
quantitative estimates of uncertainty and sensitivity to model parameters, enabling better-informed

decision-making and offering a richer context for future research efforts.

1.1.3 A cross-model exploration of uncertainty and sensitivity analysis for future
tropical cyclone risk (Chapter 5)

Systematic and thorough uncertainty and sensitivity analysis are crucial for robust decision-making
and model improvement. Nevertheless, it is important to approach the results of such analyses
with caution as they are inherently dependent on the selected model setup. Chapter 5, therefore,

explores how four distinct tropical cyclone hazard models as well as alternate representations of
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socio-economic development influence future tropical cyclone risk and their associated uncertainties
and sensitivities. Specifically, we perform an uncertainty and sensitivity analysis analogous to the
setup of Chapters 3 and 4 for the four hazard sets that we compared in Chapter 2. Comparing the
results of these four studies allows us to reflect on the structural nuances among tropical cyclone
hazard models and discuss the level of development of the hazard component of our risk model
in contrast to exposure and vulnerability. Furthermore, we discern findings that are generalizable
beyond the single studies from those intrinsically linked to specific hazard model components and
methodologies. We find that socio-economic factors consistently drive increased risk across all
models, while the uncertainty in these risk drivers is hazard model-specific. For instance, the MIT
model-based results are sensitive to the choice of global climate model, while estimates from CHAZ,
STORM, and climate-conditioned, probablistic IBTrACS are mainly influenced by exposure scaling
based on Shared Socio-economic Pathways. Finally, we relate our findings to different categories
of uncertainty. This structured and holistic approach allows us to navigate the implications and
reducibility of uncertainties, enabling better-informed decision-making and offering a richer context

for future research efforts.

1.1.4 Additional contributions

In addition to the four publications included as Chapters 2, 3, 4, and 5 of this thesis, I also co-authored
four further studies, one of which directly contributes to the research aims of this thesis. Specifically,
the study addresses the topic of uncertainty in weather and climate risk modelling and how to
systematically assess and quantify them (Kropf et al., 2022). We accordingly introduce a new feature
in the CLIMADA risk modeling platform (Aznar-Siguan and Bresch, 2019) that enables uncertainty
and sensitivity analysis. The new feature is illustrated and applied to a case study of tropical cyclone
storm surge in Vietnam (Rana et al., 2022), showcasing how uncertainty and sensitivity analysis
can inform risk assessments and adaptation options. Our findings underscore that the broader use
of these analyses among climate-risk modelers can increase transparency, facilitate comparison of
studies, and improve decision-making regarding climate adaptation. The uncertainty and sensitivity
quantification module introduced with the study is a central element to my work presented in
Chapters 3, 4, and 5. I was involved in ideation and study design and contributed to the writing and
editing of the manuscript. More scientific background of uncertainty and sensitivity analysis beyond

the study and details of the study with relevance to this thesis are provided in Section 1.2.3.

The other three studies I have been involved in are more broadly contributing to the field of
extreme weather and climate risk science. Namely, the publication on increasing countries’ financial
resilience to tropical cyclones through risk pools (Ciullo et al., 2023), a framework for global-multi
hazard risk assessment (Stalhandske et al., 2023) and a study on the relationship between the
historical impacts of extreme weather events and climate change emotions (Cologna et al., 2023) all

extend beyond the scope of this thesis and are not discussed further.



6 CHAPTER 1. INTRODUCTION

1.2 Scientific Background

This section provides background information relevant to this thesis, supplementing the scientific
background presented in Chapters 2, 3, 4, and 5. This background section covers aspects of the
physical characteristics of tropical cyclones, climate risk modelling and uncertainty and sensitivity
analysis. In Section 1.2.1, I provide an overview of the physical aspects of tropical cyclones, the
effects of climate change, and tropical cyclones as natural hazards. In Section 1.2.2, I describe key
concepts of climate risk and features of weather and climate risk modelling, which form the backbone
of this thesis. In Section 1.2.3, I briefly review the types and possible sources of uncertainties in

tropical cyclone risk modelling and the concept of uncertainty and sensitivity analysis.

1.2.1 Tropical cyclones

Tropical cyclones, depending on where they form, also called Hurricanes (Eastern Pacific, North
Atlantic), Typhoons (Western North Pacific), and Cyclones (South Pacific and Indian Ocean) (Lohmann
etal., 2016), originate over tropical or subtropical waters in a complex interplay between atmospheric
dynamics and thermodynamics (e.g., Emanuel, 1986; Montgomery and Smith, 2014, 2017). In short,
warm ocean waters provide the energy source that fuels these storms, while the Earth’s rotation
imparts the spin required for their formation. In more detail, a tropical cyclone is a tropical storm
system with a closed circulation around a low-pressure center, organized deep convection, and driven
by latent heat fluxes released as air humidified over warm ocean waters rises and condenses (e.g.,
Emanuel, 1986; Montgomery and Smith, 2014, 2017). Tropical cyclones are characterized by a
cloud-free eye at the center surrounded by the eyewall, where the most vigorous convection with
a high level of thunderstorm activity occurs. Consequently, the eyewall contains the highest wind
speeds and the most intense precipitation of the storm system (Lohmann et al., 2016). Wind speeds
of up to 95 ms~! and rainfall exceeding 1100 mm in 12 hours have been measured (WMO, 2023).
Furthermore, upon making landfall, tropical cyclones may induce strong storm surges. With landfall,
tropical cyclones also lose their primary energy source and decay quickly (Lohmann et al., 2016). A
tropical cyclone can undergo extratropical transition, which implies both a poleward displacement of
the cyclone and the conversion of the cyclone’s primary energy source from the release of latent heat
of condensation to baroclinic processes (Jones et al., 2003; Evans et al., 2017). The latter describes
the temperature contrast between warm and cold air masses. It is important to note that cyclones
can become extratropical and still retain winds of tropical cyclone force. In this thesis I focus on
tropical cyclones only and do not investigate extratropical storms further.

Tropical cyclones represent one of the most powerful and destructive atmospheric phenomena
on Earth, and particularly tropical and subtropical coastal regions are vulnerable to direct impacts
of tropical cyclones. Understanding the fundamental physics driving these storms is essential to

predicting their behavior and assessing associated risks.

Over recent decades, the effects of climate change have added an additional layer of complexity
to the behavior of tropical cyclones. Such changes in TC activity due to climate change have

been detected in historical records as summarized in a meta-study by Knutson et al. (2019). They
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encompass the migration of the location of maximum intensity (Kossin et al., 2014; Altman et al.,
2018; Sharmila and Walsh, 2018), changes in intensity (Elsner et al., 2008; Kossin et al., 2013), and
possible shifts in frequency (Kang and Elsner, 2015). A reduction in propagation speeds since 1949 is
disputed (Kossin, 2018; Lanzante, 2019; Moon et al., 2019), and changes in precipitation associated
with individual TCs have been proposed (Emanuel, 2017; Risser and Wehner, 2017; Van Oldenborgh
et al., 2017).

The future effects of climate change on tropical cyclones have further been simulated with coarse-
to high-resolution climate models and are summarized in Knutson et al. (2020), complementing
their first meta-study focused on observations. Tropical cyclone projections from high-resolution
models converge globally in predicting heightened maximum surface wind speeds throughout a
TC’s lifecycle. Specifically, the intensity of TCs was found to increase by 5% globally (Knutson et al.,
2020). These results are consistent with the potential intensity (PI) theory of (Emanuel, 1987), which
projects an intensity increase in a climate warmed by the greenhouse effect. Besides, TC frequencies
over all storm categories, from tropical storm to category 5 TC, are projected to decrease; however,
with low confidence in such projections (Knutson et al., 2020). In contrast, the proportion and
frequency of high-intensity TCs (category 4-5) are increasing in high-resolution models (Emanuel,
2013). Models with a horizontal resolution of 60 km or coarser yield a decrease in the most intense
TCs because they represent such storms insufficiently (Murakami and Sugi, 2010; Murakami et al.,
2015; Knutson et al., 2020). The frequency of very intense TCs is particularly important in the
context of this thesis since category 4 and 5 TCs cause nearly half of the normalized economic losses
of all TC damages but only account for 6% of all TC events (Pielke et al., 2008). A change in TC size
is hard to detect since the physical understanding of this variable is still limited. Some studies (e.g.,
Kim et al., 2014; Yamada et al., 2017) project increasing TC sizes with climate change, while other
studies report non-significant changes (Knutson et al., 2015; Gutmann et al., 2018; Knutson et al.,
2020). Furthermore, effects of climate change on TCs include higher storm inundation levels due to
sea level rise (e.g., Mcinnes et al., 2003; Lin et al., 2012; Little et al., 2015; McInnes et al., 2014;
Garner et al., 2017) and an increased TC precipitation rate. While existing modeling studies agree
on a projected increase in global average TC rainfall rates, there is less agreement on details like the
exact value of this rate (~ 7% °C_1) or spatial distribution at which rainfall increases (Knutson et al.,
2013, 2015; Wright et al., 2015; Liu et al., 2018). Finally, a poleward expansion of the latitude of
maximum TC intensity in the western North Pacific (Kossin et al., 2016) and diverging findings in
changes of TC translational speed (Knutson et al., 2013; Kim et al., 2014; Gutmann et al., 2018)
conclude the list of effects of climate change on tropical cyclones.

These recent discoveries from observations (Knutson et al., 2019) and model projections (Knutson
et al., 2020) of future TC activity highlight the need for a better understanding of connections between

climate change and tropical cyclone behavior to anticipate their impacts in a rapidly changing world.

Tropical cyclones emerge as potent hazards in the context of weather and climate risk assessment.
Their potential to cause widespread damage, disrupt critical infrastructure, and induce humanitarian
crises underscores the need for comprehensive risk analysis. Therefore, physical aspects of tropical
cyclones are used as hazard information, together with exposure and vulnerability attributes in the

weather and climate risk landscape (see Section 1.2.2). Depending on the application, different
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data sources and approaches are used for TC hazard representation. For example, TC forecast tracks
from the European Centre for Medium-Range Weather Forecasts Integrated Forecasting System
(ECMWF-IFS) can be used for TC early warning systems and impact forecasts (ECMWF, 2022). While
output from numerical weather predictions is suitable for studying TC hazards over timescales of days
(up to 15 days ahead), we need other data sources for TC risk assessment over longer timescales.

In this thesis, I focus on annual to long-term TC risk assessment for the historical period since
1980 (Chapter 2) and the future period over the 21 century (Chapters 3, 4, and 5). The TC hazard
variable is the lifetime maximum wind speed at each location, derived from a) a TC track set and b) a
parametric wind model to yield a 2D wind field. Section 2.1 features an overview of tropical cyclone
track sources used for risk assessment of the historical period. Sections 3.4.2, 4.2.1 i), and 5.2.2
provide details on TC track sets for future climate conditions, including all the intricacies related to
global climate models and emission scenarios underlying these hazard sets. Besides, we use two
different parametric wind models to compute the gridded 1-minute sustained winds at 10 meters
above ground (Holland, 2008; Emanuel and Rotunno, 2011). These two parametric wind models
are of comparable model structure and complexity. They both fit functions to the TC tracks and
environmental parameters usually provided with the track set to characterize the radial profile of
wind and pressure from the TC center. The models are computationally efficient and thus widely used,
particularly for continental to global scale analyses. However, fast computation comes at the price of
resolution. The resulting wind fields are smooth and empirical corrections are required to represent
surface terrain effects. Other models, for instance, consider wind field variability related to variations
in intensity, outer storm size, and latitude (Chavas and Lin, 2016) or include variable surface drag
and terrain height (Done et al., 2020) for a more realistic representation of wind footprints - at the
price of computational efficiency. We note that the assumption of wind as the sole driving physical
force for TC impacts is imperfect. Damages from most TC events are caused by rainfall-induced
freshwater floods, wind-driven storm surges, and direct impacts from TC winds together. However,
state-of-the-art global scale TC risk assessments do not explicitly represent these sub-hazards due to
computational limitations and consider wind as the primary driving force for damages. The effects of
TC wind and water hazards are implicitly captured in this thesis as the vulnerability curves used to
calculate risk and impact were calibrated with damage data reported for all TC sub-hazards combined
(see Eberenz et al., 2021).

In the subsequent section, I delve deeper into the relevant concepts and methodologies for tropical

cyclone risk assessment.

1.2.2 Climate risk modelling

Assessing tropical cyclone risk emerges as a pivotal endeavor within the broader context of climate
risk management, particularly in an era characterized by the intensifying effects of climate change
on human and natural systems. The Sendai Framework for Disaster Risk Reduction, a seminal
global framework adopted at the Third UN World Conference on Disaster Risk Reduction in 2015,
acknowledges the need to enhance resilience to all hazards, including tropical cyclones, by guiding
nations toward comprehensive risk reduction strategies (UNISDR, 2015). Reducing risk is also

recognized as a key aspect of sustainable development in the Sustainable Development Goals (SDGs)
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(UN General Assembly, 2015) and the Paris Agreement on climate change (UNFCCC, 2015). As
framed by the Intergovernmental Panel on Climate Change (IPCC, 2012), risk is understood as the
product of hazard, exposure, and vulnerability - thereby highlighting the role of vulnerability and
exposure in addition to hazards for changes in risks. This doctoral thesis is situated within the Sendai
Framework’s principles and adopts the IPCC’s concept of climate risk as outlined in Box 1.1, along
with associated definitions and ideas. This risk concept is drawn explicitly from the IPCC Special
Report on Extremes (IPCC, 2012) and the Fifth Assessment Report (2014), while also incorporating
insights from Zscheischler et al. (2018).

Box 1.1: Definitions of climate risk and related terms; adapted from Zscheischler et al. (2018).

Risk: “The effect of uncertainty on objectives (ISO, 2009, 2018; Lark, 2015). According to the
IPCC (Oppenheimer et al., 2014), risk is the potential for consequences when something of
value is at stake and the outcome is uncertain, recognizing the diversity of values. Risks arise
from the interaction between hazard, vulnerability and exposure and can be described by the
formula:

risk = (probability of events or trends) x consequences (1.1

where consequences are a function of the intensity of hazard (event or trend), exposures, and
vulnerability. Here, we use the term risk to refer to environmental and societal impacts from

weather and/or climate events.” (Zscheischler et al., 2018)

Exposure: “The presence of people, livelihoods, species or ecosystems, environmental func-
tions, services, and resources, infrastructure, or economic, social, or cultural assets in places
and settings that could be adversely affected” (IPCC, 2012; Oppenheimer et al., 2014; Zscheis-
chler et al., 2018)

Vulnerability: “The propensity or predisposition to be adversely affected” (IPCC, 2012; Oppen-
heimer et al., 2014); “Vulnerability encompasses a variety of concepts and elements including
sensitivity or susceptibility to harm and lack of capacity to cope and adapt.” (Zscheischler
et al., 2018)

Hazard: “The potential occurrence of a natural or human induced physical event or trend
or physical impact that may cause loss of life, injury, or other health impacts, as well as
damage and loss to property, infrastructure, livelihoods, service provision, ecosystems and
environmental resources” (Oppenheimer et al., 2014). In this thesis, “the term hazard usually

refers to climate-related physical events.” (Zscheischler et al., 2018)

Weather and climate events: “Events at spatial and temporal scales varying from local

weather to large-scale climate modes.” (Zscheischler et al., 2018)

Impacts: “The effects of physical events on natural and human systems”. (Zscheischler et al.,
2018)

When calculating a measure of tropical risk following Equation 1.1, consequences are represented
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by quantifiable impacts of a tropical cyclone event. In this thesis, these impacts are direct damages of
tropical cyclones on physical assets reported in monetary values. The probability of events in Equation
1.1 can be derived from a statistically modeled distribution or estimated as a frequency probability
based on how often similar events have happened in simulations or observations.

The breakdown of risk into the components hazard, exposure, and vulnerability (Box 1.1) offers
a methodological path to disentangle the complexity of quantifying risk and has thus been widely
adapted for climate risk assessments (Ward et al., 2020). A particular approach for climate risk
assessment incorporating this logic is event-based modelling, which emanates from the catastrophe
models the insurance industry uses. As used in the insurance industry, many existing catastrophe
models have limitations that may restrict their applicability to climate risk assessments beyond the
insurance industry. First, they are not open-source, and their scientific basis might not be fully docu-
mented in the peer-reviewed literature (Sobel and Tippett, 2018). Second, most catastrophe models
developed in the insurance industry report impacts as (insured) financial losses and neglect other
impacts like loss of life or livelihoods, or even losses in regions where insurance penetration is limited.
Yet, in recent years, catastrophe models have found a more comprehensive range of applications, for
example, in international development finance and disaster risk reduction considering a wider range
of assets and, in some cases, risk transfer mechanisms (e.g., Cummins and Mahul, 2009; Joyette et al.,
2015; Linnerooth-Bayer and Hochrainer-Stigler, 2015; Souvignet et al., 2016; Bresch, 2016; Ciullo
et al., 2023; Steinmann et al., 2023). Third, the hazard component of many catastrophe models is
based on a statistical analysis of historical events and incorporates little if any of the physics that
relates extreme weather events to the large-scale climate (Sobel and Tippett, 2018). This limits the
models’ utility for assessing changing risks under climate change. Even if we were performing risk
assessments for the present, the assumption of stationary statistics is flawed because climate change
has already altered hazard characteristics (for TCs e.g., Knutson et al., 2019). However, evolving from
the industry catastrophe models, other probabilistic climate risk models overcome these limitations
and are built in a modular, open fashion for risk assessments across different temporal and spatial
scales and various hazards, including multi-hazard perspectives. Examples of such event-based,
open-source, peer-reviewed modeling platforms include CAPRA (Cardona et al., 2014), CLIMADA
(Aznar-Siguan and Bresch, 2019; Bresch and Aznar-Siguan, 2021), HAZUS (Schneider and Schauer,
2006), and RISKSCAPE (Paulik et al., 2022).

In this thesis, I use the CLIMADA (CLIMate ADAptation) risk and impact modelling framework.
CLIMADA is implemented in the high-level and general-purpose programming language Python and
is developed and maintained as a community project. The source code is openly available under
the terms of the GNU General Public License Version 3 (Aznar-Siguan and Bresch, 2019; Bresch and
Aznar-Siguan, 2021). In CLIMADA, the risk formulation provided by Equation 1.1 is reformulated as:

risk = probability xseverity (1.2)
with

severity = F(hazard intensity, exposure, vulnerability) 13)
1.3
= exposure * fi,,(hazard intensity)
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In its simplest form, x in Equation 1.2 stands for a multiplication; more generally, it denotes
the convolution of the respective distributions of probability and severity. As defined in Equation
1.3, severity can be understood as the interaction of hazard intensity, exposure and vulnerability
(Aznar-Siguan and Bresch, 2019; Bresch and Aznar-Siguan, 2021). In detail, the hazard component
is organized into sets of events, where each event is characterized by a spatial distribution of hazard
intensity and time-related information like occurrence date, frequency, or probability. The exposure
component depicts the spatial arrangement of population, assets, or ecosystems that could potentially
be impacted by a hazard. The vulnerability component is described using impact functions f;,,
parameterizing to what extent a certain kind of exposure might be influenced by a specific hazard.
Note that impact functions are also called damage functions or vulnerability curves (Aznar-Siguan
and Bresch, 2019). Furthermore, the CLIMADA framework may be embedded in the economics
of climate adaptation (ECA) methodology to inform decision-makers about the impact on their
economies, including cost/benefit perspectives on specific risk reduction measures (Bresch and
Aznar-Siguan, 2021).

The default setup of CLIMADA used in this thesis is to simulate direct economic damage in the
form of impact on the built environment from a given tropical cyclone hazard set on a continental
to global scale. Throughout this thesis, I work with largely the same exposure and vulnerability
setup and alter hazard representations. In Chapter 2, I compare different hazard sets for global,
present-day impact assessment. In each of the Chapters 3 and 4, I use one of the hazard models
compared in 2 in an uncertainty and sensitivity analysis for future, global tropical cyclone risk change.
In Chapter 5, I repeat the uncertainty and sensitivity analysis of the previous chapters and revisit
the idea of an intermodel comparison; this time for uncertainty and sensitivity of future TC risk
assessment. The common thread across these studies is that I aim to translate these variations in
hazard model choice into implications for risk assessment more broadly.

Note that while I express tropical cyclone risks as direct economic damage in this thesis, the same
hazard sets could just as well be applied to model impacts on human lives and livelihoods, forests,
power production, the agricultural sector, or indirect economic effects. Finally, throughout this thesis,
I often use the two terms risk and impact interchangeably even though they are strictly speaking not
the same (see Box 1.1). Generally, risk is concerned with the likelihood of an event happening and the
potential negative outcomes, while impact deals with the actual effects and consequences that occur
when the event or hazard takes place. In my work, I often call backward-looking assessments impact
and forward-looking assessments risk. For instance, I refer to CLIMADA as impact modelling platform
in Chapter 2 concerning the historical period and risk modelling platform in Chapters 3, 4, and 5
pertaining to future assessments. Hence, depending on the context, the interplay of hazard, exposure

and vulnerability is termed risk or impact but should not be understood as mutually exclusive.

1.2.3 Uncertainty and sensitivity analysis

Providing reliable tropical cyclone risk assessment is particularly challenging due to severe uncertain-
ties in the model input components and model structure (Kropf et al., 2022). Consequently, there is
a growing consensus in the risk modelling community that a systematic and thorough treatment of

uncertainties and sensitivities is indispensable for a transparent and robust risk assessment (e.g.,
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Pianosi et al., 2016; Kropf et al., 2022; Dawkins et al., 2023; Meiler et al., 2023b). The first step
towards this aim is to acknowledge different types of uncertainty and assess if these can be quantified
and reduced. I briefly review these aspects in the following paragraphs. The next step is the actual
quantification of uncertainties in the tropical cyclone risk model. An overview of such approaches is

subject to the subsequent section.

Philosophers, policy analysts, and scientists have suggested various ways to characterize and
categorize uncertainties. Here, I focus on the three types of aleatory, epistemic and normative
uncertainty relevant to tropical cyclone risk assessment.

Aleatory uncertainty, also known as stochastic uncertainty, arises from inherent randomness
or variability in the natural processes involved (Walker et al., 2003). In the context of tropical
cyclones, this type of uncertainty includes the intrinsic variability in atmospheric conditions, ocean
temperatures, and other factors that influence the formation and behavior of tropical cyclones. For
example, the random variations in wind patterns or sea surface temperatures that can affect the
track and intensity of a tropical cyclone are sources of aleatory uncertainty. Aleatory uncertainty
can be quantified using statistical methods like Monte Carlo simulations to estimate the probability
distribution of potential outcomes. However, it cannot be entirely reduced as it is an inherent
characteristic of natural processes (Henrion and Morgan, 1990).

Epistemic uncertainty, also known as model uncertainty, stems from limitations in our knowl-
edge and understanding of the modeled system (Walker et al., 2003). For tropical cyclone risk
assessment, this includes uncertainties related to the accuracy of synthetic tropical cyclone models,
the completeness and quality of historical data, and gaps in our understanding of how various
environmental factors interact to influence tropical cyclones. Epistemic uncertainty can be quantified,
for example, when using multiple climate models to project future tropical cyclone behavior. The
spread of results from these models provides a measure of the level of epistemic uncertainty in the
projections. Epistemic uncertainty can be reduced through improved models, data collection, and
research (Walker et al., 2003; Curry and Webster, 2011; Bradley and Steele, 2015; Knutti, 2018).
However, complete elimination is unlikely as natural systems can be inherently unpredictable and
new research may reveal further complexities.

Normative uncertainty, also known as ethical or value-based uncertainty, arises from value
judgments, ethical considerations, and subjective decision-making processes (Bradley and Drechsler,
2014; Bradley and Steele, 2015; Mayer et al., 2017). Examples of normative uncertainties in tropical
cyclone risk modelling include the decision on the valuation unit (monetary valuation or valuation of
human life) (Mayer et al., 2017), the choice of model type or the unit of risk metric (e.g., expected
annual damage or tail risk assessment). Normative uncertainties are generally not quantifiable in the
same way as aleatory and epistemic uncertainties. However, efforts can be made to reduce normative
uncertainty by promoting transparency and inclusiveness in decision-making, engaging stakeholders
with diverse perspectives, and considering ethical considerations in risk assessment (Hansson, 2016).

It is important to note that these types of uncertainties are not mutually exclusive, and often,

multiple uncertainties coexist in risk assessment.

In the context of climate-related studies and assessments, it is furthermore helpful to distinguish
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two types of epistemic uncertainty: scenario uncertainty and projection uncertainty. Scenario
uncertainty refers to the uncertainty associated with the future pathways of greenhouse gas emissions
originating from different potential trajectories of human activities, such as economic development,
energy use, and population growth (Walker et al., 2003). For tropical cyclone risk assessments,
scenario uncertainty may involve considering how tropical cyclone intensity and frequencies change
for different emission scenarios and how various economic growth pathways alter the asset value
potentially exposed to tropical cyclones. Therefore, using different emission scenarios to model
hazard and exposure helps account for possible futures based on socioeconomic and policy choices.
Scenario uncertainty is not directly quantifiable (as it depends on future human choices), but it can
be represented using multiple scenarios that encompass a range of possible futures (Moss et al.,
2010; Knutti, 2018).

In contrast, projection (or model) uncertainty describes the uncertainty inherent in the climate
models themselves. Specifically, climate scientists refer to uncertainties in the model structure, the
numerical approximation of the model equations, and the choice of parameter values as model
uncertainty (e.g., Hawkins and Sutton, 2009). However, it is crucial to acknowledge that climate
models, in essence, are not inherently uncertain. Instead, the uncertainty lies in the connection
between these models and the actual climate system they are designed to represent. In other words,
what is often termed projection or model uncertainty may be better described as representational
uncertainty (Parker, 2010; Knutti, 2018). For tropical cyclone risk assessment, projection uncertainty
might involve using tropical cyclone hazard sets downscaled from multiple climate models (Chapter 3),
different parametric wind models for the hazard generation (Chapters 3, 4, and 5), or tropical cyclone

event sets from multiple tropical cyclone hazard models (Chapters 2 and 5).

In summary, while some uncertainties in tropical cyclone risk assessment can be diminished,
others cannot be entirely addressed. Normative uncertainty is inherently subjective, making it
impossible to fully quantify or eliminate. Aleatory uncertainty arises from natural randomness
and, as a fundamental aspect of the system, cannot be completely reduced, although it can often
be described. Epistemic uncertainty can be partially reduced through continuous improvement in
knowledge and models, but complete elimination is challenging due to the inherent complexities of

tropical cyclones and the climate system.

In the following section, I focus on approaches and methods to quantify uncertainties in tropical
cyclone (and other weather and climate) risk assessments. First, assessing tropical cyclone risk
involves making several subjective decisions regarding the representation of hazards, exposure, and
vulnerability. As a result, transparent and reliable climate risk assessments and subsequent adaptation
decision-making must consider and explore the numerous uncertainties involved in the process.

Uncertainty in the tropical cyclone hazard component includes choosing an appropriate tropical
cyclone hazard set for the application at hand. There are different types of tropical cyclone models,
ranging from fully statistical (e.g., Vickery et al., 2000; Bloemendaal et al., 2020b) to fully dynamical
(e.g., Roberts et al., 2020b) all with their strengths and weaknesses. I thus investigate how the choice
of tropical cyclone model influences the modeled tropical cyclone impact in Chapter 2. Furthermore,

hazard uncertainties comprise the choice for the parametric wind model used to compute a 2D wind
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field from the tracks (see Chapters 3 and 4). These are two examples of epistemic uncertainties in the
hazard component. In contrast, sources of natural variability, such as the inherent fluctuations of the
El Nifio-Southern Oscillation (ENSO), represent aleatory uncertainty. It is, therefore, important to
include multiple realizations (i.e., ensembles) of the same model to represent this type of uncertainty.
Moreover, when studying future tropical cyclone risks, modelers need to choose between tropical
cyclone hazard sets originating from different climate models and climate model generations (CMIP5
vs. CMIP6) and different emission scenarios (see Chapters 3 and 4). Hence, these choices fall
into the categories of projection or model uncertainty and scenario uncertainty, as described in the
paragraphs above. Finally, because hazard models are models and thus imperfect representations of
reality, they require steps of evaluation, calibration and interpretation, which are additional sources
of uncertainty.

Uncertainty in the exposure is subject to choices of the exposure unit, for instance, exposed
people, assets or ecosystems to tropical cyclones (normative uncertainty). It furthermore includes
uncertainties in the methods to represent these exposed people, assets or ecosystems (epistemic
uncertainties). Besides, the exposure is subject to representation and scenario uncertainty analogous
to the hazard component. Various models describe different levels of future socio-economic develop-
ment (representation uncertainty) for different pathways (scenario uncertainty) (Riahi et al., 2017).
In Chapters 3 and 4, I investigate some of these epistemic uncertainties of the exposure component.

Lastly, the vulnerability component stands out for its inherent complexities and modelling chal-
lenges, often exacerbated by significant data limitations (Fiissel, 2007; Hinkel, 2011). We describe
vulnerability by impact functions, which are calibrated by regressing recorded impacts against infor-
mation about hazard and exposure. However, impact data required to derive such relationships are
very scarce and often must be aggregated across large regions and other discriminators such as social
welfare to obtain enough data points for calibration; hence are subject to normative and epistemic
uncertainty (Baldwin et al., 2023). Furthermore, other sources of epistemic uncertainty include
different methods used to derive and fit impact functions, different (idealized) forms describing them,
and consequently, different parameters, which need to be constrained in the calibration step (Wilson
et al., 2022). For example, Eberenz et al. (2021) estimated the impact function parameter describing
the hazard intensity at which 50 % of the assets are damaged (V;q;¢) to be 188.4ms~! when fitted
against the total damages of all storms in the Philippines in contrast to 85.7 ms™! for fitting damages
from each storm individually. Reasons for this significant uncertainty may include variations in
vulnerability between urban and rural areas, lack of surface roughness modeling, unaccounted
tropical cyclone sub-hazards (rainfall-driven flooding, storm surge, landslides), and limitations of
the exposed asset value layer (Eberenz et al., 2021). Finally, knowledge and expertise to represent
vulnerability of future socio-economic systems is largely missing. For lack of better options, I therefore
default to assume no future vulnerability changes in this thesis.

This list of uncertainties in hazard, exposure and vulnerability is not exhaustive. But it illustrates
which types and sources of uncertainties risk modellers may propagate through their risk modelling

chain. Next, I describe how to quantify uncertainties and sensitivities in climate risk assessments.

Different methods for uncertainty and sensitivity analysis have been proposed in the scientific
literature (e.g., Saltelli et al., 2008; Pianosi et al., 2016; Saltelli et al., 2019; Kropf et al., 2022).
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Uncertainty and sensitivity analysis both involve running model simulations repeatedly against
different values of the uncertain input factors (i.e., hazard, exposure, vulnerability) by Monte Carlo
simulations, but they differ in their objectives. Uncertainty analysis deals with understanding the
overall variability and uncertainty in model outputs due to the uncertainty in input parameters or data.
Sensitivity analysis focuses on identifying and quantifying the relative importance of individual input
parameters in influencing the variability or uncertainty in model outputs. In other words, uncertainty
analysis focuses on quantifying uncertainty, while sensitivity analysis focuses on apportioning output
uncertainty to the different sources input factors (e.g., Saltelli et al., 2008). Sensitivity analysis
can be performed to consider the output variability against variations of input factors around a
specific value (local sensitivity analysis) or variations within the entire variability space of the input
factors (global sensitivity analysis) (Pianosi et al., 2016). Moreover, input factors can be varied
individually, keeping all other input factors fixed or varying all the input factors simultaneously
(Pianosi et al., 2016). Usually, in local sensitivity analysis, input factors are varied individually, and
in global sensitivity analysis, all simultaneously. In this thesis, I conduct global sensitivity analysis to
avoid shortcomings of local analyses, which fail to properly explore the space of the input factors as
discussed by Saltelli et al. (2019).

CLIMADA and other probabilistic risk assessment frameworks are a great starting point for uncer-
tainty and sensitivity analysis, as they are designed to be run repeatedly with minimal computational
expense. Therefore, Kropf et al. (2022) integrated the SALib — Sensitivity Analysis Library in Python
package (Herman and Usher, 2017) into the CLIMADA code environment via the UNcertainty and
SEnsitity QUAntification (unsequa) module, enabling uncertainty and sensitivity quantification for
all risk assessments conducted within the CLIMADA environment. The module follows similar steps

as a generic uncertainty and sensitivity analysis (Pianosi et al., 2016).

In detail, it requires the specification of a probability distribution for each uncertain input factor
(i.e., input data and parameters related to the hazard, exposure and vulnerability components).
Then samples from these distributions are used to generate plausible alternative input combinations.
The resulting output is computed for each input combination, yielding a probability distribution of
results and providing the basis for the uncertainty analysis. The unsequa module then calculates
sensitivity indices for each input factor. Sensitivity indices quantify the relative importance of each
uncertain input factor with a number varying between 0 and 1. There are different methods to
compute these sensitivity indices. The default method in the unsequa module is a variance-based
approach. Variance-based methods rely on treating input factors as random variables, creating output
distributions. The output’s variance represents uncertainty, and an input factor’s contribution to
this variance indicates its sensitivity (Pianosi et al., 2016). Variance-based indices are defined as
first-order indices (or main effects), which measure the direct contribution to the output variance
from individual factors. They are often used to rank the input factors according to their relative
contribution to the output variability (ranking) (Saltelli et al., 2008). Total-order indices (or total
effects) measure the overall contribution from an input factor considering its direct effect and its
interactions with all the other factors, which might amplify the individual effects. They are commonly
used for screening, which aims at identifying the input factors - if any - with negligible influence on
the output variability (Saltelli et al., 2008).
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The most delicate step of an uncertainty and sensitivity analysis is the definition of input factor
probability distributions. Often this information is not readily available, and consequently, it is
not evident how to perturb the input components to represent their uncertainty meaningfully. In
particular, it is challenging to define physically consistent statistical perturbations of geospatial
data (Kropf et al., 2022). In this thesis, I have thus defined discrete sets of scientifically justified
inputs instead of specifying probability distributions for the input factors more or less arbitrarily.
For example, when representing the uncertainty in the hazard component, we sample from a list of
tropical cyclone simulations informed by different climate models of the CMIP6 generation, each
of which has been assessed as plausible by different climate modelling centres or inter-comparison
projects. In doing so, we make no assumption about which input selections are more or less likely,
but instead define the results in terms of the uncertainty and sensitivity across these discrete settings
(Chapters 3.4.8, 4.2.2 & 5.2.4). This approach still relies on expert judgment in defining the discrete
set of plausible inputs and is thus subject to normative uncertainty. Consequently, the results depend
significantly on this definition of inputs, as is characteristic for uncertainty and sensitivity analysis
(Pianosi et al., 2016; Kropf et al., 2022). Furthermore, it is impossible to define discrete input sets
for all input factors. For instance, we vary the input parameter describing the impact functions across
a continuous range because no scientifically justified alternative representations of impact functions
exist that we could sample from. Instead, we inform these input parameter ranges from a measure
of uncertainty reported in the study accompanying the set of calibrated impact functions we use
(Eberenz et al., 2021). In sum, I aim to capture and quantify uncertainties in hazard, exposure,
and vulnerability systematically while limiting the normative uncertainty I introduce by making
model choices. Ultimately, the two main goals of the uncertainty and sensitivity analysis I perform in
this thesis are to 1) enhance the information value of tropical cyclone risk assessments, producing
transparent outputs and providing a comprehensive context to quantitative results for robust decision-
making; and 2) inform future research efforts to reduce the uncertainty in tropical cyclone risk

assessments further.
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Intercomparison of regional loss
estimates from global synthetic tropical

cyclone models

Tropical cyclones (TCs) cause devastating damage to life and property. Historical TC data is
scarce, complicating adequate TC risk assessments. Synthetic TC models are specifically designed
to overcome this scarcity. While these models have been evaluated on their ability to simulate
TC activity, no study to date has focused on model performance and applicability in TC risk
assessments. This study performs the intercomparison of four different global-scale synthetic TC
datasets in the impact space, comparing impact return period curves, probability of rare events,
and hazard intensity distribution over land. We find that the model choice influences the costliest
events, particularly in basins with limited TC activity. Modelled direct economic damages in the
North Indian Ocean, for instance, range from 40 to 246 billion USD for the 100-yr event over the
four hazard sets. We furthermore provide guidelines for the suitability of the different synthetic

models for various research purposes.

2.1 Introduction

The powerful impact of tropical cyclones (TCs) disrupts societies in many coastal regions in the tropics
and subtropics. For example, the 2017 Hurricanes Harvey, Irma and Maria, caused total damages
exceeding 260 billion USD (NOAA, 2021). The last, Maria, impacted several countries, including
Dominica, Dominican Republic, Guadeloupe (FRA), Haiti, Martinique (FRA), Puerto Rico, United
States of America, Virgin Island (US), and Virgin Island (UK). The losses in Dominica alone totaled
to 1.5 billion USD - estimated at over 200% of its Gross Domestic Product (GDP) (IMF, 2021). It is
therefore crucial to support risk mitigation efforts and increase societal resilience towards such events
with reliable TC risk assessment. Such assessments, however, are complicated as reliable TC records
are scarce. Additionally, only a small number of the TCs make landfall every year (Weinkle et al.,
2012), and when they do, a relatively small stretch of coastline is affected (Pugh and Woodworth,

2014). The resulting impacts are higher in urban areas than rural or uninhabited regions, yielding a

This chapter is published as Meiler et al. (2022b)
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heterogeneous picture of TC damage. Moreover, reliable, global-scale documentation of past TCs
is only available since the 1980s, which means that there might not be a single event on record
for many coastal locations in the observational dataset. This substantial lack of information on the

potential magnitude and probability of TCs complicates risk assessment and risk management efforts.

A common practice to overcome this data scarcity is synthetic modelling, in which larger datasets
of TC behavior (theoretically possible in given climate conditions) are created. Prominent methods
are purely statistical techniques (Vickery et al., 2000; Bloemendaal et al., 2020b) and coupled
statistical-dynamical models (Emanuel et al., 2006, 2008; Lee et al., 2018). The fully statistical
methods use autoregressive formulas to simulate both the track and intensity of a TC (Bloemendaal
et al., 2020b). The statistical-dynamical approaches use a dynamical model (beta-and-advection
model (Marks, 1992)) for the track generation, and simulate intensity changes along the track using
a dynamical model (Emanuel et al., 2006, 2008) or an autoregressive model using physics-based
drivers (Lee et al., 2018). This dynamical downscaling of TC tracks from climate model output is
not limited to current climate conditions but has also been used to model future TC characteristics
(Bhatia et al., 2018; Emanuel et al., 2008; Emanuel, 2013; Knutson et al., 2015; Lee et al., 2018,
2020; Roberts et al., 2020a,b; Walsh et al., 2015, 2016). Note that TCs can also be partially resolved
by high-resolution global climate models with a horizontal scale of 10 km to 25km and may be
studied without further downscaling (Camargo and Wing, 2016; Bacmeister et al., 2018; Gettelman
et al., 2018). However, the convergence on intensity is not achieved until grid spacings are in the
range of 1 km to 2 km (Davis, 2018) and the number of TCs generated in these simulations is not

large enough to conduct risk assessment.

The synthetic modelling approaches described above provide us with insights on synthetic TC
tracks and intensities, which often form the input hazard datasets in catastrophe models. Translating
this hazard into risk also requires information on social and economic variables (IPCC, 2012).
Catastrophe models integrate hazard, exposure, and vulnerability data to compute risk and quantify
socio-economic impacts (Aznar-Siguan and Bresch, 2019). Risk from a catastrophe modelling
perspective is often expressed in expected annual damages (EAD) or similar metrics and visualized
using impact return period (RP) curves, showing the inverse of an exceedance probability and being
evaluated at the spatial unit of interest (e.g. countries, cities or insurance portfolios). In this study,
we use the open-source, peer-reviewed CLIMADA (CLIMate ADAptation) (Aznar-Siguan and Bresch,
2019) platform to simulate direct economic damage in the form of impact on the built environment
from a given TC hazard set. Note that we only consider wind as the driving physical hazard for the

resulting socio-economic impact.

Past comparisons of synthetic TC models have been limited to the hazard component (Sobel
et al., 2019; Bloemendaal et al., 2020b; Jing et al., 2021) and have not evaluated differences in
risk estimates. We hypothesize that the models which predict TC climatology may not cover the
full range of important metrics and views in TC risk assessment and loss estimation. Hence, we
overcome this research gap and evaluate how the choice of hazard models influences the estimation
of losses rather than the estimation of TC climatology. In this study, the most influential (academically
available/non-commercial) synthetic TC hazard models are compared in their function to serve as

input for TC risk modelling. More specifically, we couple the following sources of tropical cyclone
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tracks with CLIMADA to evaluate their performance on an impact and risk level: i) historical TCs
from the International Best Track Archive for Climate Stewardship (IBTrACS) (Knapp et al., 2010);
ii) probabilistic events obtained from historical TCs by a direct random-walk process (IBTrACS_p)
(Kleppek et al., 2008); iii) synthetic tracks from a fully statistical model, the Synthetic Tropical
cyclOne geneRation Model (STORM) (Bloemendaal et al., 2020b); and synthetic tracks from the
coupled statistical-dynamical models iv) developed by Emanuel et al. (2006, 2008) (hereafter
the MIT model) (Emanuel et al., 2006, 2008) and v) the Columbia HAZard model (CHAZ) (Lee
et al., 2018). After assessing these models at an impact- and risk-level, we can use our results to
link some of the intermodel differences to key TC model characteristics and provide guidelines for
other researchers to determine the applicability of each dataset depending on the research objective.
Such insights will support risk assessment efforts both in the public (e.g., academia, policymakers,
and non-governmental organizations) and the private sectors (e.g., consultancy and (re)insurance

companies).

2.2 Results

2.2.1 Comparison of tropical cyclone intensities

The impact model used in this study is driven by the TC’s intensity expressed as maximum 1-minute
sustained wind speed experienced at any land point. To support the interpretation of economic
impacts, we first evaluate the distribution of the TC intensity over land across the five TC datasets.
When solely looking at TC intensity as reported in the synthetic datasets, we find an average relative
deviation from synthetic to historical frequencies across the categories of 28.4%. Next, to translate
these TC intensities to impact, we couple the same parametric wind field model(Holland, 2008) to
all five sources of TC tracks. Aside from TC intensity, parametric wind models also depend on the
reported radius of maximum winds (RMW), which is often poorly documented outside of the North
Atlantic (if at all). Therefore, our wind fields often rely on statistical estimates of the RMW. Still, the
agreement of TC intensity in the synthetic datasets with the observational records does not change
significantly if we use the estimate based on the wind fields (25.4%) instead of TC intensity values
directly from the synthetic track datasets (see Supplementary Figure A.1).

Therefore, and because the hazard component of the CLIMADA impact model used in this study
consists of the 2D wind field, we only contrast the intensities from the wind fields in the following
paragraphs. Across all basins and datasets, the agreement with IBTrACS for weak (Cat. 1 or weaker)
TGCs is better than for major (Cat. 3-5) TCs. There are only very few exceptions, like CHAZ in
Western Pacific where the agreement is comparable. Overall, the average relative deviation for major
TCs (19.6%) is much higher than the average relative deviation for weak TCs (8.0%). The larger
disagreement of intense TCs highlights the challenge for reliable TC risk assessments to generate TC
datasets with a realistic representation of the major TCs (Cat. 3-5). This is of particular importance
because the highest impacts are often driven by intense TCs (Emanuel, 2021).

More and larger differences between the different models emerge when comparing the results

across the different basins. The region with highest intermodel differences and intra-model uncer-
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tainties is the North Indian Ocean, where observational data is particularly sparse (average of 5
TCs per year (Liu et al., 2021)). In this region, the relative variability in each TC intensity bin (see
Methods) is large for all TC categories and track sets, with the largest variability found for the MIT
dataset, amounting to a factor 5 for the Cat. 5 TCs (Fig. 2.1). The STORM and CHAZ datasets stand
out with notably more Cat. 3-5 events than in the other synthetic datasets, amounting to 27.58%
(£ 10.77%) and 24.25% (£ 5.62%), respectively (compared to 10.13% (£ 3.70%) and 12.39% (*
4.26%) in the other datasets).

The relative variability within each dataset is generally highest for the MIT tracks with regional
standard deviations ranging from 0.16 to 0.62 (IBTrACS_p 0.04-0.21, STORM 0.15-0.39, CHAZ
0.11-0.27). Only for Cat. 5 TCs in the Southern Hemisphere, the STORM model shows a substantially
larger relative variability than the other track sets, with a standard deviation of 0.39 (IBTrACS_p
0.04, MIT 0.16, CHAZ 0.11).

Overall, the Western Pacific is predominantly the region with the most intense TCs, consistently
across all datasets: In case of IBTrACS, the average TC (including tropical storms) in the Western
Pacific has a maximum wind speed of 41.5 m/s (North Atlantic/Western Pacific 34.2 m/s, North
Indian Ocean 34.7 m/s, Southern Hemisphere 36.0 m/s). The only exception is the MIT dataset,
where the average TC in the Southern Hemisphere has higher maximum wind speed (41.0%+1.0 m/s)
than in the Western Pacific (39.6 £ 0.6 m/s) (Fig. 2.1).

2.2.2 Impact analysis

To move from TC hazard to impact and risk requires additional information on exposure of assets
or populations and their specific vulnerability to the hazard (IPCC, 2012). However, the specific
objective of the analysis determines what (hazard) input data is required for the impact calculation.
If one is interested in estimating impacts from a historical event, the hazard component can be
retrieved from observational data directly (i.e., IBTrACS). More specifically, synthetic datasets are
unsuitable for such cases, as they do not contain actual historical events. For example, by coupling
IBTrACS to CLIMADA, we find that damages from Hurricane Maria (2017) are estimated to be 77
billion USD. This estimate is in line with the reported damage of 90 billion USD at a 90% confidence
range of 65 to 115 billion USD (Pasch et al., 2017). A comprehensive evaluation of how modelled
losses in CLIMADA compare to reported losses can be found in Eberenz et al. (2021).

Another impact-related analysis consists of determining the probability of a certain impact in a
location or region. This information is of particular importance for the implementation of adaptation
measures, aimed at reducing impacts of TC events (Ha, 2018). Such measures often follow protection
standards, which are given in terms of a probability of exceedance; the inverse being the RP (in years).
However, adequately calculating such RPs and corresponding impacts requires hazard data with a
temporal range exceeding the RP of interest. Observational data sets are therefore generally unfit
for answering such questions, as their spatial and temporal distribution is sparse, particularly when
assessing extreme events. Synthetic TC tracks, on the other hand, provide a wealth of information
on a wide range of possible TC events in any region of interest, thereby overcoming the limitations
imposed by the historical data. We can therefore use the different synthetic datasets to derive impact

RP curves for each of the four study regions (Fig. 2.2). Note that RP curves are shaped by the
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Figure 2.1: Regional distribution of tropical cyclone intensities for the five track sets. Panels a)-d) compare the
relative frequency of tropical cyclones (TCs) belonging to each category of the Saffir-Simpson Hurricane Wind Scale across
the five track sets (IBTrACS, IBTrACS_p, STORM, MIT, CHAZ), separately for the four regions a) North Atlantic/Eastern
Pacific, b) North Indian Ocean, ¢) Southern Hemisphere, and d) Western Pacific. The mean and standard deviation (black
error bars) over all the subsamples in each category (see Methods) of the frequencies are shown in the upper part of each
plot while the lower part displays the relative variability in each intensity bin (as box plots with a line at the median, a
box denoting the inter-quartile range (IQR) and whiskers extending 1.5-times IQR; points are outliers). Note that the
frequencies of Cat. 5 TCs are shown on a secondary y-axis in log scale. The wind speeds of each TC event are taken from
the modelled wind fields over land. The same plot with wind speeds taken directly from the track data is provided in

Supplementary Figure A.1.

intensity and frequency of events. The latter is modelled differently across datasets, and, most
notably, needs to be bias-corrected for the CHAZ hazard set (see Discussion and Methods). We also
plot the RP curves of the historical IBTrACS for reference including records from the recent time
period since 1980 because there is no globally consistent, reliable meteorological information on
historical (high-impact) TCs that occurred in the pre-satellite era (Knapp et al., 2010; Schreck et al.,
2014). Up until the 39-year RB the historical impact RP curves are well within the range of the
impact RP curves of the synthetic tracks. However, we refrain from suggesting the IBTrACS impact
RP curves as a modelling benchmark for synthetic datasets since our impact model depends on

unreliable storm size data (see Methods).

We observe that, generally, STORM tends to produce less low-impact events and more high-impact
events than the other synthetic models. For high-frequency/low-impact events, CHAZ stands out as
the dataset with the lowest RPs over all regions. This finding is not mirrored in the distribution of
hazard intensities as shown in Figure 2.1, but it results from the interplay of hazard, exposure and
vulnerability that feed into the impact calculation. In other words, part of the model differences in
estimating impacts are driven by the underlying exposure rather than hazard alone (Fig. 2.1 and

Supplementary Figure A.1). To demonstrate the sensitivity of our results to exposure, we plot the
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Figure 2.2: Impact return period curves for the five tropical cyclone track sets. Return periods up to 1000 years for
the synthetic track sets (IBTrACS_p, STORM, MIT, CHAZ) and 39 years for the IBTrACS record (black solid curve) are
shown in the four regions (a) North Atlantic/Eastern Pacific, b) North Indian Ocean, ¢) Southern Hemisphere, d) Western
Pacific). We use a sub-sampling approach on the synthetic track sets to calculate the median (colored solid curves), the

90% confidence intervals of the impact distribution over 1000 years.

impact RP curves and values for EAD, 100-yr and 1000-yr events on a normalized exposure layer

without the spatial heterogeneity of asset values on land in the Supplementary Tables A.3 and A.4.

At fixed RPs, estimated direct economic damages in the North Atlantic/Eastern Pacific (derived
from the median impact RPs; solid line in Fig. 2.2) range from 169 to 359 billion USD for the 100-yr
event over the four synthetic hazard sets (see Supplementary Table A.2). Comparable values were
also computed for the 100-yr events in the Western Pacific, where only the IBTrACS_p diverge from
the other synthetic track sets and are estimated to be at approximately one fourth to one third of the
STORM and MIT and half the CHAZ damages. The estimated impacts in the Southern Hemisphere
are below the 100 billion USD mark for IBTrACS_p and up to 295 billion USD for CHAZ. In the
North Indian Ocean, the highest impacts for RPs of more than 1-in-100 years result from the STORM
hazard set (246 billion USD), followed by CHAZ (109 billion USD) and MIT data (106 billion USD),
and the least damage for the IBTrACS_p (40 billion USD). Generally, the 90% confidence interval
(CD) around the 100-yr events ranges from approximately 30 % to 60 % of the median 100-yr loss
estimate. This 90% CI can be viewed as a measure for uncertainty and it increases for almost all
calculated 1000-yr events, meaning that the estimated impacts deviate more strongly with increasing
RPs. The widest possible impact range on the 90% CI for events with RPs of 1000 years stem from
the MIT hazard set in the North Atlantic/Eastern Pacific region (185%) and the STORM (143%) and
MIT (231%) data in the Southern Hemisphere. In these cases, the CIs span a much larger impact
range than for the other hazard sets (~40 % to 100 %). The impact RP curves are also particularly

beneficial to deduce the probability of certain high-impact events. For Hurricane Maria, we can infer
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that a Maria-like event in the North Atlantic basin has a RP of approximately 12, 6, 24 and 6 years
for the IBTrACS_p, MIT, STORM and CHAZ simulations respectively. We do note here that the RP is
inherently dependent on the spatial scale at which the RP is computed (Bloemendaal et al., 2020a).
While high-impact events such as Hurricane Maria may occur on average every few years in the
North Atlantic basin (as shown through the RP estimations), the chances of such event occurring in
a specific country or coastal region are lower, resulting in higher RPs.

Aside from estimating impacts for individual events and at certain RP levels, another commonly
used metric is the Expected Annual Damage (EAD; in USD). Mathematically speaking this is the
integrated value of impacts across all probabilities. The EAD provides a quantification of risk and is
therefore commonly used as a proxy for risk-based insurance premiums (Unterberger et al., 2019) in
catastrophe modelling. Comparing the EAD calculated from the different synthetic datasets and his-
torical IBTrACS in the four regions, we find values all within one order of magnitude difference in the
North Atlantic/Eastern Pacific region, amounting to 25.65 to 82.47 billion USD (see Supplementary
Table A.1). In the other three regions, the intermodel differences are larger, exceeding one order of
magnitude. Particularly, we note the high EADs for CHAZ compared to the other synthetic datasets.
This difference is likely driven by CHAZ overestimating the impacts of frequent (low RP) events
(Fig. 2.2). Moreover, in all regions, the MIT dataset exhibits the largest variance over subsamples
(see Methods) around the mean EAD with a standard deviation of 5% to 10 %, IBTrACS_p and CHAZ
the smallest (3% to 5%).

2.2.3 Most expensive tropical cyclone events

Understanding the frequency of occurrence of the most expensive (costliest) and rare events is vital
for the design and implementation of risk reduction strategies. The three costliest U.S. TC events
on record all exceeded the 100 billion USD mark, being Hurricanes Katrina (2005), Harvey (2017),
and Maria (2017) (NOAA National Centers for Environmental Information (NCEI), 2023). However,
this sample size of historical observations is too small to adequately assess the probability of such
rare events; synthetic models, on the other hand, are specifically designed to capture these rare TCs.
The probability density of impacts exceeding 100 billion USD (referred to as tail risk in this study)
shows that the shape over almost all models is comparable in most regions (Fig. 2.3). However,
for the Indian Ocean and Southern Hemisphere we observe that IBTrACS_p is unsuitable for such
analysis due to the low-intensity bias in this dataset. Additionally, we also note that in the North
Indian Ocean, approximately 3% of all TC events in STORM exceed the 100 billion USD threshold,
compared to 0.3-0.4% in MIT and CHAZ. This directly follows from STORM'’s overestimation of
intense (Cat. 4-5) TCs in this basin (see Fig. 2.1), which are the predominant drivers of high impacts.
For the other basins, we find a good agreement in tail risk distributions between STORM, MIT, and
CHAZ.

The shape of the probability density also reflects some intermodel differences. The STORM and
CHAZ simulations contain the highest absolute number of TCs (see Methods) and thus result in a
smooth shape of the violinplots. In contrast, the MIT dataset exhibits some distortions at certain
impact values and a slightly lower fraction of tail events. This follows from our subsampling routine

during which we draw some of the events in the MIT dataset multiple times (see A). Despite this
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difference in shape, we conclude that STORM, CHAZ, and the MIT model all contain a sufficiently

large and distributed set of tail risk events to robustly and reliably assess the long-term TC risk.

Figure 2.3: Tail risk assessment of the synthetic tropical cyclone datasets across regions. Probability density of
impacts exceeding the 100 billion USD impact for the four synthetic datasets (IBTrACS_p, STORM, MIT, CHAZ) in our four
study regions (a) North Atlantic/Eastern Pacific, b) North Indian Ocean, c¢) Southern Hemisphere, d) Western Pacific).
Percentages printed above each probability density indicate the fraction of all impacts in the corresponding dataset above
the 100 billion USD threshold. Note, the width of the violin plots indicates the probability density of tropical cyclones
exceeding a given damage value (symmetric along the y-axis). Also, in the Southern Hemisphere, there is only one event
in the IBTrACS_p dataset, which exceeds the 100 billion USD threshold, displayed as horizontal line in panel b).

2.2.4 Guidance on tropical cyclone track set application

Depending on their question and goals, users may be looking for different properties of TC datasets
and models. The key qualitative properties of the five sources of TC tracks compared in this study are
compiled in the Methods Section and model versions specified in the Data Availability Section. We
link these TC model characteristics with the suitability for distinct applications to guide the TC track
set choice, complementing the TC risk views across different datasets as presented in the previous
results sections.

When studying historical TC events like damages from Hurricane Maria, only the historically
recorded IBTrACS are fit for purpose. The compilation of observed TCs in the best track archive
(Knapp et al., 2010) is the most complete global set of historical TCs available. These data can be used
to study past hurricane seasons (Klotzbach et al., 2018) or to hindcast and evaluate early warning

protocols such as those used by the Red Cross 510 (Red Cross 510, 2021). However, historical data
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are also characterized by spatial and temporal data scarcity, making them unsuitable for analysis

requiring large sample sizes.

Synthetic models are specifically designed to overcome the spatial and temporal limitation
imposed by historical records, making them a good choice for robust risk assessment of TC impacts,
both on larger scales (see previous results sections) as well as for small regions (Bloemendaal and
Koks, 2022). Our analysis did reveal the importance of the synthetic model type or robust TC
risk assessment. The different synthetic modelling approaches discussed here all exhibit different
limitations and in this study we discover two distinct cases where the synthetic modelling type is
clearly important. First, a notable finding from the impact RPs curves (Fig. 2.2) is that IBTrACS often
did not lie within the 90% confidence range of IBTrACS p. Prima facie, this may seem surprising
because each track in IBTrACS_p is directly generated from a single IBTrACS record. IBTrACS p
contains each of the observed IBTrACS TCs together with 99 derived tracks. However, the explanation
for the bad fit lays in the modelling approach of IBTrACS_p. In the design of this simple interpolation
method, the TC track is perturbed using a random walk algorithm (Kleppek et al., 2008; Gettelman
et al., 2018; Aznar-Siguan and Bresch, 2019). While this is a very efficient approach to generate a
regular track density field and spatially extend the historical data, this method does not vary the
TC intensity along the track, introducing a low-intensity bias in IBTrACS p compared to IBTrACS.
The second prominent case where robust TC risk assessment is limited by the TC track modelling
approach is for the STORM dataset in the North Indian Ocean, predominantly in the Bay of Bengal
(Bloemendaal et al., 2020a). The difference between STORM and the other models is presumably
related to STORM’s fully statistical nature combined with specific environmental conditions in this
basin, resulting in too many high-intensity landfalling TCs (see Supplementary Discussion A for an
extensive discussion on this). As such, we do not recommend usage of STORM here, but instead to

use CHAZ or MIT for impact assessments in the North Indian Ocean.

Tail risk assessments particularly require a large sample set of reliable simulations of highly
destructive TCs. As was discussed previously, three historical events exceeded the 100 billion USD
impact threshold in the USA, a too small sample size to adequately calculate the RPs and distributions
of such events. Generally speaking, all synthetic datasets have the required size for reliable TC
tail risk assessment. However, our results revealed the influence of the model specifications on the
distribution of these extreme events: the IBTTACS p hazard sets capture a limited set of tail risk
events in most regions due to the low-intensity bias (discussed previously), which hampers their
suitability for tail risk assessment. In contrast, MIT, STORM and CHAZ hazard sets are all fit for the

purpose of a tail risk assessment.

The availability of models and data is a crucial aspect for many applications, particularly when
developing climate services to support risk reduction, adaptation or risk financing policies. This
guarantees transparency, reproducibility and it facilitates the exchange of climate information as
demanded by the Global Framework for Climate Services (Hewitt et al., 2012). The model and data
availability of the four synthetic models can be found in the Data Availability statement and may be
considered as another critical discriminator depending on the application and context in which TC

risk assessment is performed.
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2.3 Discussion

Our analysis shows that differences between hazard sets are most pronounced when analyzing rare TC
events; being either extreme (high-impact) TCs or in regions rarely hit by TCs. In particular, we find
the largest variability and highest uncertainty over different risk metrics for the North Indian Ocean.
For this region, the maximum values of TC intensity over land (Fig. 2.1) show high relative variability
over the entire range of intensities and the CIs of the impact RP curves (Fig. 2.2, Supplementary
Figure A.2) are all relatively wide. One explanation for this very high variability is the low number
of TCs that form in the North Indian Ocean (~5 TCs per year (Liu et al., 2021)). That is because the
North Indian Ocean is a small basin, which leaves limited space for TC formation in the first place.
Furthermore, there are no TCs during the monsoon period, when the vertical wind shear is too high
and prevents TC formation, thus reducing the months during which TCs typically form (Liu et al.,
2021). Finally, not only the number of TCs but also the data quality of these records is substantially
lower in the Indian Ocean than in the other regions. For example, in the Western Pacific there were
reconaissance flights in the 1980s until 1987 and several countries produce best-track datasets for
the region (China, US, Japan, Philippines (Knapp et al., 2013; Schreck et al., 2014); see Methods).
Hence, this leaves the Indian Ocean with a very limited database to study TC risk but also to inform
and calibrate synthetic TC models to and the resulting large uncertainty is not surprising. In contrast,
regions with high TC activity like the WP (~26 TCs per year (Liu et al., 2020)) are better constrained,
which is reflected in the narrow CIs (Fig. 2.2) and the least relative variability of TC track and hazard
intensities; except for the STORM Cat. 5 tracks (Fig. 2.1, Supplementary Figure A.1). Furthermore,
the costliest events that constitute the tails of probability distributions are rare by definition. The
increasing variability of these high intensity, low frequency events is mirrored in the increasing range
of the 90% CI of 100-yr and 1000-yr events reported in Supplementary Table A.2. These infrequent
events are the ones that have the potential to be the most destructive and it is therefore particularly

crucial to tailor TC risk assessment towards a robust representation of tail risk.

In the context of how the different synthetic TC models work, the small sample size of the input
dataset is not equally relevant across models. It presumably plays a minor role for MIT and CHAZ
simulations as they use global atmospheric fields to seed TCs (see Methods). For STORM, however,
this small sample size does have a substantial effect. It is apparent that there is a limit for capturing
complex physics with statistical factors and regression coefficients. In cases when data is scarce
(like in the North Indian Ocean), statistics need to be aggregated over larger areas, thereby omitting
spatial heterogeneity within the basin. For a full discussion of these limitations, please refer to the

Supplementary Discussion A.

To understand further intermodel differences in TC impacts we need to study the different
components that drive the impact calculation. We find that a part of the intermodel differences in TC
impacts arises from the inhomogeneously distributed asset values: The intermodel differences from
the impact RP curves, EAD, 100-yr and 1000-yr events calculated for a normalized exposure layer
omitting all spatial heterogeneity on land (Supplementary Figure A.2, Supplementary Tables A.3 and
A.4) are in general lower than the ones reported in the results section, which are computed on a

spatially explicit representation of asset exposure value (LitPop) (Eberenz et al., 2020). However,
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we note that the inhomogeneously distributed assets may also cancel some of the variability in the
hazard set out and not only increase it. Our results also show that the hazard component alone may
yield an incomplete picture for TC risk. Specifically, from the comparison of TC track and hazard
intensities (Supplementary Figure A.1, Fig. 2.1), we would expect impacts to be largest for the CHAZ
and STORM datasets because these two hazard sets have the largest share of severe TCs (Cat. 3
and more). However, the impact RP curves (Fig. 2.2), impact values (Supplementary Table A.2),
and results for the long-term risk (Fig. 2.3) do not support this hypothesis. Conversely, the MIT
hazard sets do not stand out with particularly high intensities but yield similar results in impact as
the other hazard set. We thus conclude that TC impacts are largely driven by the specific interplay of
individual tracks with assets on land and that studying TC track and hazard intensities alone draws

an incomplete picture of TC risk for coastal communities and economies.

The impact calculation is not only driven by uncertainties introduced from the exposure data
but also linked to differences in the provided synthetic data. The first inconsistency arises from
the various degrees of information that accompany each track set. The STORM data contains a
comprehensive set of 13 physical variables (Bloemendaal et al., 2020b). The CHAZ model, however,
outputs fewer variables, implying that we needed to calculate other relevant variables such as the
radius of maximum winds and TC pressure through dependencies on the known variables. Lastly, the
full MIT dataset consists of TC track information as well as 2D-wind fields. However, to consistently
compare the different synthetic datasets here, we solely use the track datasets and couple them
with the Holland (2008) parametric wind field model. This may result in potential differences in
our impact estimates compared to using the MIT wind field directly. On a related note, we want to
mention that the synthetic track models depend on IBTrACS to varying degrees. The MIT track model
is completely independent of historical tracks, the downscaling of CHAZ too but its genesis frequency
is fit to IBTrACS records. In contrast, the STORM model is largely based on IBTrACS statistics.

The second source of uncertainty stems from the choice of the wind model. We acknowledge that
the Holland (2008) used here has been motivated by and calibrated for North Atlantic hurricanes and
might perform less well elsewhere. There is a multitude of other parametric wind models available
(Holland et al., 2010; Chavas et al., 2015; Done et al., 2020; Wang et al., 2020), and it would be an
interesting avenue for future research to extend the comparison to different wind models. However,
such models often do require a substantial amount of input variables that go beyond what most
synthetic models can provide.

Furthermore, the different synthetic model types and varying degrees of information provided
by the TC track sets is the reason why CHAZ requires the post-processing step of a frequency bias
correction (see Methods). The MIT model technique includes a basin-wide calibration to determine
the TC frequency: for our analysis, we applied the calibration factor as provided with the event set.
This factor is obtained from combining the fraction of initial TC seeds that intensified to become TCs
with the actual number of TC tracks in the dataset to match observations. Still, the model is known
to exhibit regional biases even after taking this factor into account (Geiger et al., 2021). STORM is
designed to follow the IBTrACS TC genesis frequency (Bloemendaal et al., 2020b) and thus requires
no further frequency correction.

Besides, we suggest investigating the uncertainty and sensitivity of the TC impact model to the
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numerous input variables; including, but not limited to, the different TC track sets. This may be
achieved by applying readily available uncertainty and (global) sensitivity analysis software (Pianosi
et al., 2016; Saltelli et al., 2019; Kropf et al., 2022). The resulting insights can guide where next
improvements of TC impact modelling can be achieved. We propose significant advances may be
realized by better constraining the exposure and vulnerability components rather than the hazard
part alone.

A suggestion for the future of synthetic TC track modelling is to institute a larger base of TC
models of all types, from fully statistical to fully dynamical. Our study has demonstrated that the
model choice is largely dependent on the research question and that all model types come with
certain limitations. Hence, we advocate for more, and access to more, TC track models of all types to
constrain TC risk more reliably in the future.

In addition, while we solely focus on wind-driven impacts in this study, TCs can also cause
substantial damage through their storm surges and rainfall-induced freshwater flooding. The synthetic
models considered here do not simulate these other hazards. Although, the regionalized impact
functions used in this study (Eberenz et al., 2021) implicitly capture the sub-hazards because they
were calibrated to total damage values, these functions still underestimate impacts from rain- or
storm surge-driven events with low wind speeds (e.g. Hurricane Harvey in 2017). Future model
developments, focused around explicitly simulating these sub-hazards, will therefore aid improved
risk assessments.

Lastly, while our study only discusses TC risk in the present climate, there is also a growing need
for insights into how these TC risks are going to change under future climate conditions. We thus
recommend researchers interested in model comparisons for the future-climate to generate synthetic
data sets forced by the same climate scenarios. Aside from simulating TC activity under climate
change, future-climate risk assessments also require information on how exposure and vulnerability

are going to evolve over time.

In summary, we have conducted a global model intercomparison of synthetic TC track sets to
evaluate their performance and suitability for TC risk assessments. We used the impact modelling
platform CLIMADA to contrast risk views across datasets and provide guidance concerning the
suitability of the datasets for various applications and research questions. Different TC risk metrics
and the discussion of links to key model characteristics yield an improved understanding of TC impact
assessments. We showed that all datasets constitute a valid foundation for impact assessment and
that modelled impacts are within one order of magnitude in the North Atlantic/Eastern Pacific where
the historical record is considered most reliable. We also showed that the difference between models
is largest when studying the long-term risk of rare events, or basins with smaller historical records or
small areas. Consequently, modelled losses from rare TCs vary by orders of magnitude across synthetic
track sets, which is particularly crucial for risk reduction efforts. Intermodel differences are generally
driven by the varying distribution of hazard intensities over land and the inhomogeneously distributed
asset values. This variance in the different risk metrics can partly be traced back to the key TC track
set and hazard model characteristics and thereby help guide the choice of a TC track set depending
on the research question at hand. Our analysis enables better-informed adaptation decisions and

mitigation strategies, improves physical risk assessment in climate-related financial disclosure, and
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paves the way for impact-based warnings that are tailored to assets and populations at risk. Besides,
the guidelines on tropical cyclone track set application can help other researchers determine what
datasets are best suited for their research question, and they may also direct researchers in the design

of their own datasets and establishing the suitability of their datasets.

2.4 Methods

2.4.1 Study regions

We compare the five different TC track sets over the four main regions shown in Figure 2.4. The
regions are chosen to very broadly reflect distinct TC areas. Specifically, we combine the North
Atlantic and Eastern Pacific into one region (AP) because TCs originating in both basins may impact
the USA, Mexico, and other central American countries with both Atlantic and Pacific coastlines. Yet,
we note that most impacts calculated for this combined region stem from TCs with origin in the
North Atlantic whereas TCs forming in the Eastern Pacific play a minor role on impacts. Furthermore,
we assess TC risk in all of the Southern Hemisphere (SH) combined. The North Indian Ocean (IO)

and Western Pacific (WP) complete our regionalization.

Figure 2.4: Global study regions. North Atlantic/Eastern Pacific (AB blue), North Indian Ocean (IO, orange), Southern
Hemisphere (SH, green), Western Pacific (WPB red).

2.4.2 Tropical cyclone track sets

In this study, we contrast the following sources of TC tracks:

1. observed TCs from the International Best Track Archive for Climate Stewardship (IBTrACS)
(Knapp et al., 2010),

2. probabilistic events obtained from historical ones by a direct random-walk process (IBTrACS_p)
(Kleppek et al., 2008),

3. synthetic tracks from a fully statistical model, STORM (Bloemendaal et al., 2020b),

4. synthetic tracks from coupled statistical-dynamical models, MIT (Emanuel et al., 2006, 2008),

and
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5. CHAZ (Lee et al., 2018).

The most important descriptors of the single TC track sets are compiled in Table 2.1. These key
characteristics can be used to facilitate the choice of a suiTable track set depending on the research

question.

Table 2.1: Key qualitative tropical cyclone track set characteristics.

model type years N of tracks / land-influencing ¢ climate data open-source code / dataset
IBTrACS observational 1980-2018 3’068 / 1’858 -/ yes

IBTrACS_p probabilistic 1980-2018 / x100 tracks 306’100 / 185944 yes / yes

STORM fully statistical 10’000 years (1980-2018) 712’800 / 348670 ERA-5 yes / yes

MIT statistical-dynamical 1980-2018 82’000 / 80’497 ERA-5 no / no (yes) b

CHAZ statistical-dynamical 1981-2019 / 400 x 39 years 1'395’323 / 960’606 ERA-5 yes / no (yes) ¢

9land-influencing is defined as TCs with > 17.5ms ! within at most 300 km from land.
>The MIT dataset is openly available for research only.
“The CHAZ dataset is openly available for research and NGOs.

The different model types underlying the five track sets are described in more detail in the next
paragraphs. The length of the dataset is characterized by the number of tracks in each dataset and the
time period covered. Further, the climate data used to run the TC track models and their open-source

nature are two other important descriptors.

i) Observations from IBTrACS

The IBTrACS dataset is a centralized, global compilation of all TC best track data from the official
Tropical Cyclone Warning Centers (TCWCs) and the WMO Regional Specialized Meteorological
Centers (RSMCs) (Knapp et al., 2010). The IBTrACS dataset is publicly available and covers records
from 1848 to the present, with dataset updates performed annually in August. The official records
contain the position, and at least one entry of maximum sustained winds and minimum central
pressure at 6-hour intervals in UTC. If provided by the reporting agency, additional variables describing
the TC geometry, such as the radius of maximum winds or the radius of the outermost closed isobar,
are included, at up to 3-hour intervals.

For this study, we extracted all available TCs in IBTrACS for which at least wind or pressure are
reported by some agency. If, for some TCs, there is reported data by the agency that is officially
responsible in the region according to WMO, that data is used at the highest available temporal
resolution. For TCs that have not been reported about by the officially responsible agency, the data
provided by the next-best agency that reported about that TC is used, with a fixed order of preference:
‘usa’, 'tokyo’, newdelhi’, 'reunion’, ’bom’, 'nadi’, 'wellington’, ’cma’, and ’hko’ (the agency identifiers are
according to the IBTrACS data format). The exact IBTrACS reading routine is part of the open-source
package CLIMADA (see TCTracks.from_ibtracs_netcdf in climada.hazard.tc_tracks).

While we only consider this agency selection procedure in this study, we note that the choice of
agencies is known to significantly influence the TC statistics. For example, IBTrACS contains data in
the Western Pacific (WP) from Japan (JMA), China (CMA), Hong Kong (HKO) and USA (JTWC). The
officially responsible agency is Japan (JMA). Still, for almost 20% of the TCs affecting coastal areas
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in 1980-2019, there is no reported data from JMA, but only from the other agencies. Furthermore,
even though the central pressure measurements are considered to be comparably reliable among

agencies, the average pressure reported by JMA in WP is lower by 8 hPa than the CMA average.

The reliability of officially reported TC data has greatly increased in recent years. Still, we note
that the IBTrACS-based estimates in this study should not be taken as ground truth, but as another
model output. This is due to the comparably short time range over which reliable measurements are
available, but also because of the inconsistencies between reporting agencies that can be observed

over the whole reporting period.

Furthermore, we acknowledge that the ADT-HURSAT dataset (Kossin et al., 2020) is more
homogeneous than the IBTrACS records since it is purely based on a single data source, namely
satellite products of the same resolution. However, we chose the IBTrACS as observational reference
in this study because IBTrACS combines satellite data with other sources; it is known to be more
accurate on a storm-by-storm basis; it includes more meteorological variables; and IBTrACS is based

on WMO regional centers official best-track data.

ii) Probabilistic TC tracks from IBTrACS records

The probabilistic TC tracks (IBTrACS_p) obtained from the CLIMADA platform follow a simple
interpolation method. In this approach, CLIMADA generates a set of 99 probabilistic tracks for
each observed TC obtained by a random-walk process (Kleppek et al., 2008; Gettelman et al., 2018;
Aznar-Siguan and Bresch, 2019). The method was designed to infer a probabilistic distribution of
tracks from a single track in a physics-, climate-, and basin-agnostic way, and is described in more

detail in the supplementary material of Gettelman et al. (2018).

iii) Fully statistical model STORM

STORM (Bloemendaal et al., 2019) is an open-source, global-scale, fully statistical model. STORM
takes information on the TC track, characteristics (intensity, radius of maximum winds, and genesis
month) from IBTrACS, and environmental variables (monthly averaged mean sea-level pressure
and sea-surface temperature) from the European Centre for Medium-Range Weather Forecasting
(ECMWFEF)’s fifth generation climate reanalysis dataset (ERA-5) (Hersbach et al., 2019) as input
variables. A new, synthetic TC is then assigned a genesis month and location weighted by the
statistics from the input dataset. Consecutive changes in the TC’s position (longitude/latitude),
intensity (maximum wind speed and minimum pressure) and radius of maximum winds are then
calculated through a series of autoregressive formulas. STORM was validated against observations,
and results showed that STORM preserves the TC statistics as were found in the original IBTrACS
input dataset. The average number of genesis and landfalling events in the STORM dataset, as well
as landfall intensity was shown to lie within one standard deviation of those values found in IBTrACS.
Similarly, the largest deviations in basin-wide averages of maximum wind speed along a TC track

were shown to be 2ms™! compared to IBTrACS.
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iv) Statistical-dynamical model MIT

The MIT model is based on a statistical-dynamical downscaling method developed by Emanuel et
al. (2006, 2008) (Emanuel et al., 2006, 2008). In short, this method initiates TCs using a random
seeding technique, propagates the TCs via synthetic local winds from a beta-and-advection model, and
simulates the TC intensity along each track by a dynamical intensity model (CHIPS, Coupled Hurricane
Intensity Prediction System) (Emanuel et al., 2004). In more detail, key statistical properties are
drawn from global reanalyses or climate models to generate a global, time-evolving, large-scale
atmosphere-ocean environment. TC tracks are then created by randomly seeding warm-core vortices
in space and time where the vast majority of seeds fail to amplify to tropical TC strength. Only the
disturbances in favorable environments for TC formation survive, making the random seeding a
so-called natural selection algorithm (Emanuel et al., 2008). Note that the survivors compose the
TC climatology of the respective global reanalyses or climate models and that the simulated genesis
rate thus needs to be calibrated to match the global or basin-wide number of genesis events in the
historical period. Next, TC tracks are directed by a beta-and-advection displacement model, which is
driven by large-scale winds in the synthetic environment. Finally, a simple coupled ocean-atmosphere
TC intensity model (CHIPS) is driven along the TC tracks. The intensity model has very high radial
resolution of the TC core and can resolve high-intensity TCs. The statistical-dynamical MIT model
is computationally efficient, making it possible to generate very large numbers of TCs at a low
computational cost and has been shown to accurately simulate all important TC features of the

current climatology when applied to global reanalysis data (Emanuel et al., 2008).

v) Statistical-dynamical model CHAZ

The Columbia HAZard model (CHAZ) encodes physical relationships between TCs and their large-
scale environmental variables to simulate TCs with low computational requirements (Lee et al., 2018).
In CHAZ, synthetic TCs are randomly seeded with a distribution given by the Tropical Cyclone Genesis
Index (TCGI) of Camargo et al. (2014); Tippett et al. (2011). Following genesis, the track of each
synthetic TC is advanced in time with a beta-and-advection model (Xiaofan Li and Bin Wang, 1994),
using monthly-averaged environmental winds, and a statistical parameterization of the sub-monthly
variability, same as what is used in the MIT model (Emanuel et al., 2008). Along the synthetic TC
track, the intensity is calculated using an autoregressive linear statistical model (Lee et al., 2016),
with the monthly-averaged potential intensity, vertical wind shear, and mid-level relative humidity as
environmental predictors, and with an additional variable to account for stochasticity. In this study,
CHAZ is downscaled from 39 years (1981-2019) of ERA5 data with 10 different realizations of the
genesis and subsequent tracks. For each realization, 40 ensemble members are generated using the
intensity model, totalling 400 ensemble members of the 1981-2019 period.

2.4.3 Impact model CLIMADA

The impact model CLIMADA is developed and maintained as a community project, and the Python

3 source code is openly available under the terms of the GNU General Public License Version 3
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(Aznar-Siguan and Bresch, 2019; Bresch and Aznar-Siguan, 2021). It was designed to simulate the
interaction of climate and weather-related hazards, the exposure of assets or populations to this
hazard, and the specific vulnerability of exposed infrastructure and people in a globally consistent
fashion (Aznar-Siguan and Bresch, 2019; Bresch and Aznar-Siguan, 2021). Here, CLIMADA is used
for the spatially explicit computation of direct economic damage from the five different sources of

TC track sets on a global grid at 300 arc-seconds (~10 km) resolution.

i) Tropical cyclone hazard

The TC hazard model in CLIMADA consists of two components: i) the TC track sets, which are
coupled with ii) a parametric wind model to yield a 2D wind field (Holland, 2008).

CLIMADA’s parametric wind model component computes the gridded 1-minute sustained winds
at 10 meters above ground as the sum of a circular wind field (Holland, 2008) and the translational
wind speed that arises from the TC movement. We incorporate the decline of the translational
component from the cyclone centre by multiplying it by an attenuation factor as further described
in Geiger et al. (2018). Apart from the TC location and central pressure, the wind model requires
values for the radius of maximum winds. Where either pressure or radius are missing from the
data (as is the case for the whole CHAZ dataset), we estimate the missing values from the provided
variables, using simple linear relationships inferred statistically from observational data (IBTrACS).
Note that the absolute wind speeds over land tend to be overestimated by this model since it does
not consider any surface roughness on its own. Still, this effect is included at least in part in the track
data since the overall TC intensity decays over land. We calculate the wind fields at a resolution of
300 arc-seconds (~10 km) for this study. The hazard variable used in CLIMADA is lifetime maximum
wind speed at each spatial location; 1-minute sustained wind speeds below 34kn (17.5ms™!) are
discarded.

ii) Asset exposure

Exposure data for direct economic risk assessment contains information of asset value exposed to
hazards. The dataset for gridded asset exposure value is spatially explicit and based on the LitPop
method, which distributes national estimates of total asset value to the grid-level proportional to
the product of nightlight intensity (Lit) and population count (Pop) (Eberenz et al., 2020). We use
asset exposure value at a resolution of 300 arc-seconds (~10 km) and the 2014 value in USD for
GDER Figure 2.5 shows a global map of the LitPop exposure dataset, limited to a distance of 1000 km
inland. Additionally, we calculate the results on a normalized exposure layer (removing the spatial
heterogeneity of asset values on land) and report impacts as fraction of affected assets to remove the
potentially confounding signal of inhomogeneously distributed asset values and show the sole effect
of the hazard component on the impact (see Supplementary Figure A.2, Supplementary Tables A.3
and A.4).
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Figure 2.5: Global distribution of asset exposure value. Data is given in log10 USD based on the LitPop (Eberenz et al.,
2020) method with an inland distance to coast of 1000 km.

iii) Impact function

In the CLIMADA terminology, vulnerability is described with impact functions. An impact function
is a relationship between hazard intensity and the relative amount of destroyed assets, and can
be used to calculate absolute direct damages for TC events at exposed locations. We use a set of
calibrated regional TC impact functions following Eberenz et al. (2021), building on the idealized
sigmoidal impact function as proposed by Emanuel (2011). Eberenz et al. (2021) fitted regional
impact functions to reported damage data to account for the heterogeneous picture of TC risk in
different regions. They grouped a varying number of TC-prone countries with similar vulnerability
into nine distinct regions to obtain a globally consistent set of regionally calibrated impact functions.
We use their root-mean-squared fraction (RMSF) optimized set of impact functions which is designed
to minimize the spread of damage ratios of single events in contrast to the other, complementary

approach that was optimized for aggregated damage.

2.4.4 Methods for TC model intercomparsion

We compare the maximum TC wind speeds over land of the synthetic datasets with the historical
IBTrACS records. Specifically, we contrast events whose wind fields reach wind speeds of at least
tropical storm strength (17.5ms™!) over land. For this comparison we apply a subsampling method
and draw 100 to 1000 samples of the synthetic hazard sets (IBTrACS_p, STORM, MIT, CHAZ) at the
length of the historical IBTrACS records. A detailed description of the subsampling method applied
can be found in the Supplementary Methods A. We then categorize the wind speeds according to
the the Saffir-Simpson Hurricane Wind Scale (SSHWS) (Simpson and Saffir, 1974) and calculate
the mean and standard deviation over all the subsamples in each category. The results are shown in
Figure 2.1 as probability densities for each dataset in each intensity bin.

We repeat the analysis for the maximum wind speed variable provided with the track data as
opposed to the wind field intensities in Supplementary Figure A.1. For that, we take the maximum
wind speed associated with a track position within at most 300 km from land to account for tracks

that pass near the coast but whose tracks do not make landfall in the strict sense.
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The EAD over all exposures follows equation 5 in Aznar-Siguan and Bresch (2019). For the
synthetic datasets, we again use the subsampling routine (see Supplementary Methods A) to compute
the EAD for 100 to 1000 samples and report the mean and standard deviation thereof. Impact RP
curves following the formalism of Cardona et al. (2012) are shown up to a RP of ~1000 years. For
this, we first concatenate random selections of 26 of the subsamples (see Supplementary Methods A)
to a longer sample; yielding N=1000 samples, each covering 1014 years of TC activity. We calculate
the median and 5th and 95th percentile of each subsample to obtain the 90% CI of each impact.
Besides, we show the impact RP curve of the historical IBTrACS records up to its maximum RP of 39
years (Fig. 2.2).

Lastly, we assess the long-term risk of extreme TCs (Fig. 2.3) by analyzing the most damaging
events exceeding the 100 billion USD threshold in each of the synthetic datasets; again, applied to
all subsamples generated from the bootstrapping approach (Supplementary Methods A).

Note, the CHAZ hazard set is frequency bias-corrected throughout all impact calculations because
it is known to have a bias in its genesis frequency (Lee et al., 2018; Sobel et al., 2019). To remove
the influence of this bias, we adjust the sample period based on the observed frequencies in each
basin and as described in Sobel et al. (2019).

Furthermore, we calculate the EAD and impact RPs curves on a normalized exposure layer in
order to remove the potentially confounding signal of spatially inhomogeneously distributed asset
values on land. Specifically, we report impacts as damaged fraction of the total asset value of the
area of interest; or in other words, as “affected area” according to the regional damage functions
(Eberenz et al., 2021) applied to perfectly uniformly distributed exposure (Supplementary Figure A.2,
Supplementary Tables A.3 and A.4).

Data Availability

The observed TCs from IBTrACS (Knapp et al., 2010) are distributed under the permissive WMO
open data license through the IBTrACS website (https://www.ncdc.noaa.gov/ibtracs/index.
php?name=ib-v4-access) and can be directly retrieved through the CLIMADA platform (Aznar-
Siguan and Bresch, 2019). The probabilistic IBTrACS are obtained from the random-walk process
directly executed in CLIMADA (Kleppek et al., 2008; Gettelman et al., 2018; Aznar-Siguan and Bresch,
2019). The statistical model STORM is fully open: the model code can be obtained from GitHub
(https://github.com/NBloemendaal) under the terms of the GNU General Public License Ver-
sion 3 and datasets are available from the 4TU.ResearchData data repository (Bloemendaal et al.,
2020b), licensed as public domain (CCO). CHAZ is an open-source model and can be downloaded
at (https://github.com/c13225/CHAZ). The CHAZ data are available to scientific reseachers
upon request to the CHAZ development team at Columbia University. The synthetic TC data from
the MIT model are property of WindRiskTech L.L.C., which is a company that provides hurricane risk
assessments to clients worldwide. Upon request, the company provides datasets free of charge to
scientific researchers, subject to a non-redistribution agreement. All of the TC track sets can be fed
into CLIMADA to calculate TC impacts, independent from their respective licenses. For this study we
used the Python (3.8+) version of CLIMADA release v3.1.2.


https://www.ncdc.noaa.gov/ibtracs/index.php?name=ib-v4-access
https://www.ncdc.noaa.gov/ibtracs/index.php?name=ib-v4-access
https://github.com/NBloemendaal
https://github.com/cl3225/CHAZ
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Code Availability

Code to reproduce the results of this paper is available at a GitHub repository with the identifier
https://doi.org/10.5281/zenodo.6782091(Meiler and Vogt, 2022).
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CHAPTER

Uncertainties and sensitivities in the
quantification of future tropical cyclone

risk

Tropical cyclone risks are expected to increase with climate change and socio-economic development
and are subject to substantial uncertainties. We thus assess future global tropical cyclone risk
drivers and perform a systematic uncertainty and sensitivity analysis. We combine synthetic
tropical cyclones downscaled from CMIP6 global climate models for several emission scenarios
with economic growth factors derived from the Shared Socioeconomic Pathways and a wide
range of vulnerability functions. We highlight non-trivial effects between climate change and
socio-economic development that drive future tropical cyclone risk. Furthermore, we show that the
choice of climate model affects the output uncertainty most among all varied model input factors.
Finally, we discover a positive correlation between climate sensitivity and tropical cyclone risk
increase. We assert that quantitative estimates of uncertainty and sensitivity to model parameters
greatly enhance the value of climate risk assessments, enabling more robust decision-making and

offering a richer context for model improvement.

3.1 Introduction

Tropical cyclones (TCs) are among the most devastating natural hazards putting populations (Geiger
et al., 2018) and assets (Berlemann and Wenzel, 2018) at risk. TC risks (or impacts) are a function
of TC hazard, exposure of people or assets to this hazard, and the respective vulnerability of the
exposed people or the (built) environment (IPCC, 2012). Over the last 50 years, TCs worldwide
caused, on average, 28 billion USD in economic losses every year (WMO, 2021). In the future, TC
impacts are expected to increase even further with climate change and socio-economic development
(Mendelsohn et al., 2012; Gettelman et al., 2018; Geiger et al., 2018). Climate change is projected
to drive an increase in TCs of the highest category, enhance precipitation rates and amplify the
destructive power of TC-induced flooding by rising sea levels (Knutson et al., 2020). Concurrently,

socio-economic development yields an expansion of population (Geiger et al., 2021) and assets

This chapter is published as Meiler et al. (2023c)
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(Noy, 2016) exposed to TCs. Hence, it is crucial to support at-risk communities with transparent

information of future TC risk changes.

Quantifying future TC risks is particularly challenging because it requires dealing with the absence
of robust verification data (Pianosi et al., 2016; Wagener et al., 2022) and large, possibly cascading
uncertainties in the model input components and model structure (Kropfet al., 2022). To date, studies
have focused on changes in the physical properties of TCs (for example, changes in intensity (Elsner
et al., 2008) and frequency (Kang and Elsner, 2015)) or future TC exposure (Geiger et al., 2021).
No study has performed a systematic and thorough uncertainty and sensitivity analysis of future,
global TC risk. We thus assess the drivers and uncertainties of direct economic damages from TCs in
the future, considering wind as the driving physical hazard. Importantly, we refrain from making a
priori choices regarding emission scenarios, particular global climate models (GCMs), preferable
narratives developed for the Shared Socioeconomic Pathways (SSPs) (Riahi et al., 2017) or optimized
representations of vulnerability. Instead, we include all available future TC hazard simulations and
socio-economic development scenarios and represent vulnerabilities across a wide range to explore
an extensive future TC risk space. Therefore, the results presented here go beyond the standard
climate risk analyses, which often only provide a comparably basic uncertainty estimation but hardly
ever include a thorough and systematic treatment of uncertainty and sensitivity (Beven et al., 2018;
Saltelli et al., 2019).

To study uncertainties and sensitivities in future TC risk estimates, we select from a list of
scientifically justified inputs based on alternative representations of the future climate and socio-
economic systems rather than defining a set of additive or multiplicative perturbation factors for
each input factor whenever possible. This approach has several advantages. First, it is inherently
difficult to precisely define all input uncertainties through a set of perturbation factors. Often, such
information is unavailable because it is missing from future climate and socio-economic model output
documentation. Second, employing a limited yet plausible range of input choices establishes a direct
correlation between our output and the specific combinations of inputs employed to produce it. Lastly,
we avoid assuming the likelihood of specific input combinations and instead describe the results
based on the uncertainty and sensitivity observed across the explored discrete settings. Consequently,
we do not investigate all uncertainties of the diverse models used to simulate such future climate
and socio-economic states (e.g., the TC downscaling model or the GDP model for SSP projections).
Instead, we focus on the uncertainties of the three main physical climate risk model components by

sampling from a list of state-of-the-art future representations of hazard, exposure and vulnerability.

For the hazard, we use large sets of synthetic TCs (Emanuel et al., 2006, 2008; Emanuel, 2021)
downscaled from nine different GCMs and three warming scenarios of the CMIP6 generation (SSP245,
SSP370, SSP585), simulating TC activity of the historical period (1995-2014) and in the middle
(2041-2060) and end of this century (2081-2100). This statistical-dynamical technique requires
daily wind output in addition to monthly mean thermodynamic quantities and was applied for all
GCMs of the newest generation, which provide this data for all ensemble members. The technique is
well-established (Emanuel, 2013, 2021) and has been shown to replicate key features of the observed

historical TC climatology (Emanuel et al., 2008). Furthermore, we use two different parametric
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wind models to derive 2D wind fields along each TC track (Holland, 2008; Emanuel and Rotunno,
2011). Note that we do not explore uncertainties of the TC downscaling model itself; this is beyond
the scope of this study and was addressed elsewhere (Meiler et al., 2022b). However, we review
the implications of this TC model choice in the discussion section in more detail. For exposure, we
use economic growth factors from different SSPs (Riahi et al., 2017) to approximate socio-economic
development and analyze exposure uncertainties. We include all five SSPs, each describing a different
possible future scenario for society; ranging from a world of low economic growth, low population
growth, and limited technological innovation (SSP1) to a world of high economic growth, high
population growth, and rapid technological innovation (SSP5). For vulnerability, we test uncertainties
by varying the vulnerability function’s slope parameter of regionally-calibrated vulnerability functions
(Eberenz et al., 2021) across a wide range. We combine these representations of hazard, exposure,
and vulnerability to estimate future TC risk increase and quantify the uncertainties and sensitivities
thereof using an open-source probabilistic risk model (CLIMADA) (Aznar-Siguan and Bresch, 2019).
We repeat the risk calculations many times (>40,000), relying on a numerical Monte Carlo scheme

(Lemieux, 2009) to cover all possible combinations of input factor variations.

Our results highlight the full uncertainty distribution of model outputs and how these variations
can be attributed to variations in input factors. This additional information is incredibly valuable
to identify the most important and uncertain drivers of TC risk increase in a changing climate
and evolving society. It can help model developers focus research efforts on model inputs that
matter most for reducing uncertainty in the output. It may provide decision-makers with a much
more representative range of plausible future outcomes and thus a more transparent and valuable
information basis. Ultimately, our approach of analyzing different types of uncertainties enables

better-informed adaptation decisions and mitigation strategies.

3.2 Results

3.2.1 Drivers of future tropical cyclone risk

We first assess the two main drivers of future TC risk increase - climate change and socio-economic
development - independently and contrast them with the total risk increase later. For the independent
assessment of the two TC risk drivers, we fix exposure at the reference state (year 2005, see Methods)
to quantify the contribution from climate change and, analogously, evaluate socio-economically-
driven risk change on historical hazard data. We express TC risk by the standard metrics of expected
annual damages (EAD) and 100-year damage event (100-yr event in short). The former is the
integrated value of impacts across all probabilities and is thus commonly used as a proxy for risk-
based insurance premiums (Unterberger et al., 2019). The latter is an extreme event that is expected
to occur once every 100 years, on average. In other words, it is an event with a 1% chance of
occurring in any given year. In this study, we focus on four distinct global regions (Fig. 3.1 a) and
Methods) and evaluate the future TC risk increase relative to the respective, present-day baseline
reporting results as relative changes in percent.

We find that the median climate change-driven TC risk increase is smaller than the contribution
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from socio-economic development in all regions, both periods and risk metrics (Fig. 3.1). For example,
climate change yields a median TC risk increase ranging from 0.3% (Southern Hemisphere) to 2.5%
(Western Pacific) for EAD in 2050 and 0.6% (Southern Hemisphere) to 1.8% (North Indian Ocean)
in 2090. On the other hand, socio-economic development causes EAD to increase by 0.8% (North
Atlantic/Eastern Pacific) to 2.5% (North Indian Ocean) in 2050 and 2.0% (North Atlantic/Eastern
Pacific) to 7.1% (Southern Hemisphere) in 2090 (Fig. 3.1 b)-e)). We note that 100-yr event values
are comparable (Fig. 3.1 f)-i)), and the complete results overview can be found in Supplementary
Tables B.1 and B.2. Climate change is, in most cases, the driver with the higher uncertainty, which can
be deduced from the width of the inter-quartile range (IQR). Exceptions are results in the Southern
Hemisphere for both metrics in 2090 (Fig. 3.1 d), h)) and 100-yr event values in the North Indian
Ocean and Western Pacific in 2090 (Fig. 3.1 g), i)). Accordingly, extremes on both ends of the
distribution are more pronounced for climate change in these cases too. Besides, climate change
produces a risk decrease (-0.1% to -0.7%), whereas socio-economic development nearly always
amounts to a risk increase (Supplementary Tables B.1 and B.2), implying that climate change may
offset part of the socio-economically-driven TC risk increase in these cases.

Next, we evaluate the total risk increase, including both climate change and socio-economic
development in the risk calculation. Most notably, the total TC risk increase (Fig. 3.1, total; right-most
column) includes non-trivial effects between the two key drivers and it is not the mere sum of its parts
nor simple, a posteriori multiplication of hazard and exposure (Fig. 3.1, sum; inner right column).
In contrast, the total TC risk increase from the full risk calculation, including climate change applied
to the hazard and socio-economic development in the exposure from the beginning, contains excess
non-linearity that cannot be accounted for by the simple multiplication of hazard and exposure.
Median values of total TC risk increase shown in Figure 3.1 range from 2.4% (5.3%) in the North
Atlantic/Eastern Pacific to 5.3% (21.7%) in the North Indian Ocean in 2050 (2090). The last value
(21.7%), for example, results from the interplay of the individual contributions of climate change
(1.8%) and socio-economic development (6.8%) and is notably larger than the product of the two
drivers (10.1%), thus illustrating the excess non-linear effects. This non-linearity also influences
the uncertainty of total TC risk increase (Fig. 3.1), which spans wider ranges of possible EAD and
100-yr event values than for the two single drivers and their product). It likewise affects the most
extreme values. For instance, the maximum TC risk increase surpasses 400% (422% 100-yr event;
467% EAD) in the North Indian Ocean by the end of the century (Supplementary Tables B.1 and

B.2). Note that we focus on total risk increase for the remainder of the study.

3.2.2 Sensitivity analysis of future tropical cyclone risk

The sensitivity analysis helps to determine how uncertainties in total TC risk change described in the
last section can be attributed to variations in model input factors (Pianosi et al., 2016) (Table 3.1).
These model input factors encompass various representations of future TC hazard, exposure and
vulnerability components and uncertainties therein. Here, we present first- and total-order Sobol
sensitivity indices (Sobol, 2001; Saltelli et al., 2010) of our total TC risk change estimations. First-
order sensitivity indices measure the effect of variations in a single input factor, and total-order

sensitivity indices the combined effect of changes in multiple input factors on the model output
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Figure 3.1: Drivers of future tropical cyclone risk change. Relative change in tropical cyclone risk by 2050 (blue) and
2090 (orange) due to climate change (CC), socio-economic development (SOC), the product of CC and SOC calculated
from the sum of their log values (sum) and both drivers interacting (total) with respect to the historical baseline. The
relative change in expected annual damage (EAD) (b, ¢, d, ) and 100-yr event (rp100) values (f, g, h, i) are reported
for the four study regions (a) North Atlantic/Eastern Pacific (AP), North Indian Ocean (10), Southern Hemisphere (SH),
and North Western Pacific (WP). Boxplots show the interquartile range (IQR) for the uncertainty over all input factors
(see Methods), while the whiskers extend to 1.5 times the IQR. More extreme points (outliers) are not shown. Statistical

summary metrics of all boxplots are provided in Supplementary Tables B.1 and B.2

(Saltelli, 2002).

The input factor with the highest first-order sensitivity over almost all regions, periods, and
metrics is the choice of GCM underlying the hazard model (GCM) (Fig. 3.2 a)). One exception is
found in the Southern Hemisphere for 100-yr event values at the end of the century, where the
SSP-informed GDP scaling of exposure points (SSP exposure) exhibits the largest sensitivity. This
finding is also mirrored by the results in Figure 3.1 d) and h) for the Southern Hemisphere, where
socio-economic development is the notably more uncertain TC risk driver than climate change.
Moreover, SSP exposure has the second-highest sensitivity index in other regions. In contrast, all

other input factors have little influence on the model output.

In essence, total-order sensitivity indices broadly mirror the ranking and distribution of first-

order indices (Fig. 3.2 b)). Generally, total-order sensitivity indices are higher than first-order
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indices, which implies interactions between input factors. However, all increases we find here are
relatively small, meaning most interactions between input factors are weak. We report that the
GCM model choice (GCM) still ranks as the most important factor, and the SSP-based scaling of the
exposure layer (SSP exposure) is the second most important. Furthermore, we discover very small
sensitivities for the wind model choice (Wind model), the two hazard sub-sampling variables (Event
subsampling base /future), and the Lit (m) and Pop (n) exponent variations (Eberenz et al., 2020)
(Exposure urban /rural weighting). Note, the latter allows emphasizing densely populated and rural
areas differently (see Methods). Finally, the input factor describing the slope parameter of impact
functions (Vulnerability function midpoint) has a small to moderate effect on risk output. However,
we emphasize that this importance changes if we report TC risk in absolute values (Supplementary
Figure B.1), in which case this input factor (Vulnerability function midpoint) controls a substantial
share of the output uncertainty. Still, the GCM choice (GCM) retains a notable effect but is no longer

the single key driver of the output uncertainty.

Figure 3.2: First- (S1) and total-order (ST) sensitivity indices. First- (a)) and total-order (b)) Sobol sensitivity indices
for future (2050, 2090) TC risk change expressed as %-change in expected annual damage (EAD; upper bar) and 100-yr
event values (rp100; lower bar) over the four study regions (cf. Fig 3.1 a) North Atlantic/Eastern Pacific (AP), North
Indian Ocean (I0), Southern Hemisphere (SH), and North Western Pacific (WP) and all input factors (see Methods and
Table 3.1 therein). Results are grouped by input factors (different colors); Vulnerability function midpoint describes the
impact function; Wind model; GCM, SSP hazard, Event subsampling base, Event subsampling future pertain to the hazard
component; GDP model; SSP exposure, Exposure urban /rural weighting relate to the exposure.
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3.2.3 Uncertainty of future tropical cyclone risk apportioned to GCMs

We disentangle key input factors of the TC risk model to evaluate uncertainty in TC risk increase in
more detail. In the last section, we showed that the GCM model choice (GCM) affects the output
uncertainty of the relative change in TC risk most among all varied input factors. Here, we further
investigate the role of this important modeling choice by exploiting the advantages of uncertainty
analyses. We evaluate the entire distribution of output values, including all sources of uncertainties
from different input factors (Table 3.1), split up by the nine GCMs (GCM), ordered by their transient
climate response (TCR; Supplementary Table B.6) and grouped by emission scenario (SSP hazard)
(Fig. 3.3). The corresponding results for the 100-yr event (Supplementary Figure B.2) are comparable,
and we thus limit the results’ description here to the EAD.

We discover two broad GCM clusters. TC event sets downscaled from one model cluster (FGOALS,
MIROC6, MPI6, MRI6, UKMOG6) yield a low TC risk increase (< 10%), event sets based on the
remaining models (CESM2, CNRM6, ECEARTH, and IPSL6) a medium to high risk increase (= 10%).
Particularly, simulations from the IPSL6 model stand out with the most substantial growth of TC
risk (Fig. 3.3). Moreover, TC risk change estimates from the first GCM cluster (low risk change) are
more narrowly constrained. In contrast, models from the second cluster produce results with a much
wider delta EAD range.

The selection of emission scenarios for future TC projections (SSP245, SSP370, SSP585) shapes
the distribution of TC risk change estimates much less than the GCM choice (Fig. 3.3), which is
also mirrored by the low sensitivity indices for the respective input factor (SSP hazard) described in
the last section (Fig. 3.2). Notably, results for the GCM cluster of low TC risk increase are similar
for all three hazard emission scenarios (Fig. 3.3). Generally, model simulations for the SSP370
hazard/SSP3 exposure combination (green colored) form the low end of the results and the SSP585
hazard/SSP5 exposure combination (blue colored) the high end (Fig. 3.3). Furthermore, differences
between emission scenarios are more pronounced by the end of the century (Fig. 3.3 b), d), ), h))
in contrast to the middle of the century (Fig. 3.3 a), c), e), g)), which again reflects the interplay of
diverging hazard and exposure projections further out into the future. Consequently, end-of-century
TC risk changes are more uncertain and of greater magnitude than mid-century simulations. Lastly,
the Southern Hemisphere results (Fig. 3.3 e), f)) broadly reflect outcomes described for the other
regions. However, it is the region where GCM differences are smallest. There, other input factors
(co-)shape the output uncertainty more strongly. Again, this finding aligns with the sensitivity indices

reported in the last section.

3.2.4 Tropical cyclone risk change relationship to climate sensitivity

Here we link the TC risk change values resulting from TC events sets downscaled from different
GCMs with the climate sensitivity of the respective model. We suggest that the intermodel differences
we found and described in the last section (3.2.3) may be related to climate sensitivity. It is known
that some CMIP6-generation GCMs run hotter than others (Hausfather et al., 2022; He et al., 2022).
Specifically, some models of the newest generation exhibit a higher climate sensitivity than in previous

generations, which lies outside the range of “likely” (or “very likely”) values as defined by authors of
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Figure 3.3: TC risk change from different global climate models (GCMs) and emission scenarios. Model simulations
of the expected annual damage (EAD) change by 2050 (a, c, e, g) and 2090 (b, d, f, h) attributed to the nine GCMs
and three emission scenarios underlying the TC hazard sets (see Methods). GCMs are ordered by increasing transient
climate response (TCR) values (Supplementary Table B.6), which are shown as black stars on a secondary y-axis. Model
realization of matching hazard and exposure scenarios are marked in color (SSP245 in red, SSP370 in green, SSP585 in
blue) with diamond-shaped markers delineating the median of their distribution. Results are shown over the four study
regions North Atlantic/Eastern Pacific (AP), North Indian Ocean (I0), Southern Hemisphere (SH), and North Western
Pacific (WP) (cf. Fig. 3.1 a)).

the Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC).

We present a striking relationship between climate sensitivity and TC risk values. TCR and
equilibrium climate sensitivity (ECS) values for the nine GCMs, including a screen if the models
fall into the likely range of projected TCR or ECS (Supplementary Table B.6), are compared to the
two distinct model clusters identified in the last section. TC event sets downscaled from GCMs with
climate sensitivity values in the likely range generally belong to the cluster of models we identified
to produce low TC risk increases (Supplementary Table B.6). The UKMOG6 model constitutes the
sole exception. It has a high climate sensitivity but generates low TC risk increases (Fig. 3.3). This

qualitative assessment is supported by positive correlation coefficients calculated for TCR and TC
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risk values (Supplementary Table B.7). The highest correlation is found between TCR values and
EAD changes in the North Atlantic/Eastern Pacific in the middle of the century (0.71), the lowest
correlation is between TCR and 100-yr event changes in the Southern Hemisphere at the end of the
century. Besides, we calculated correlations between TCR and global TC risk changes because climate
sensitivity is a global measure. The correlation coefficients are 0.39, 0.46, 0.48 and 0.54 for change
in 100-yr event in 2090, 100-yr event in 2050, EAD in 2090 and EAD in 2050 respectively. Hence,
on a global scale, the correlation is highest for changes in EAD in the mid-century and decreases

with time and for the change in 100-yr damage values.

3.3 Discussion

Our results confirm that considering the effect of climate change alone yields an incomplete picture
of future TC risk (Fig. 3.1). Consequently, it is important to include socio-economic development
because climate impacts manifest as non-linear interactions between the two components. Hence,
we find that also the uncertainty associated with future TC risk projections increases non-linearly

when considering the two drivers together.

The average contribution of climate change and socio-economic development to the total future
TC risk increase is of the same order of magnitude in all Northern Hemisphere regions (Fig. 3.1 and
Supplementary Tables B.1 and B.2). But climate change is the notably more uncertain risk driver for
most regions, both future periods and risk metrics, than socio-economic development (Fig. 3.1). We
attribute the reason for this uncertainty to variations in GCMs used to downscale TCs from (Fig. 3.2
and Fig. 3.3) and found the varying climate sensitivity of these GCMs as an important contributor to
the dissimilar TC event sets (Section 3.2.4).

The case where climate change is not the more uncertain risk driver is for Southern Hemisphere
end-of-century risk changes. In contrast, socio-economic development is the substantially more
uncertain driver there (Fig. 3.1d), h), Supplementary Tables B.1 and B.2). From our study, we learn
that the magnitude of socio-economically-driven risk change in the Southern Hemisphere at the end
of the century is substantially larger (more than an order of magnitude) than the one of climate
change. We furthermore see that the input factor for the SSP-based exposure scaling is the most
important driver for the output uncertainty in this case (Fig. 3.2). We thus hypothesize that the
SSPs describing the socio-economic growth factors by the end of the century diverge more strongly
between scenarios in the Southern Hemisphere than in the other regions - explaining the uncertainty.
Additionally, Southern Hemisphere SSPs may include narratives for stronger growing economies
than in the North - explaining the magnitude. Furthermore, in the Southern Hemisphere, there are
island states (like Indonesia) where the entire country’s GDP is exposed to TCs in contrast to large
countries in the Northern Hemisphere (e.g., USA, China) whose coastal areas are exposed to TCs
but areas further inland are not affected. Accordingly, the Southern Hemisphere is also the region
where inter-GCM differences are lowest (Fig. 3.3) and the correlation to climate sensitivity is weakest

(Supplementary Table B.7).

Next, we discuss the findings and implications of the GCM choice (GCM) as a major determinant

of output uncertainty in TC risk assessment (Fig. 3.2). By investigating the uncertainty space
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of event sets downscaled from the nine different GCMs in more detail, we found two distinct
model clusters: One producing low TC risk increases, the other medium to high TC risk increases
(Fig. 3.3). We suggest that these intermodel differences can partly be explained by climate sensitivity
(Section 3.2.4). This correlation may not be surprising as TC potential intensity generally scales
linearly with global warming (Emanuel, 2007). Furthermore, TC potential intensity is a strong
predictor for TC genesis potential indices (Emanuel and Nolan, 2004; Emanuel, 2010; Rappin et al.,
2010). Climate sensitivity thus helps drive TC hazard frequencies and intensities, the two critical
hazard characteristics for TC risk. We are therefore not surprised to see that GCMs with frequencies
and intensities below the multimodel mean broadly constitute the model cluster yielding low TC
risk increases (FGOALS, MIROC6, MPI6, MR16, UKMO6), whereas the GCMs with above-average
frequencies and intensities form the second cluster (CESM2, CNRM6, ECEARTH, and IPSL6) with
medium-high TC risk increases (Supplementary Table B.3, B.4 , and B.5). Yet, it remains to be
investigated if this finding is generalizable beyond the particular statistical-dynamical TC model
used in this study. We acknowledge the presence of epistemic uncertainty regarding the response of
TC frequency to global warming. The TC downscaling method (Emanuel et al., 2008) used in this
study indicates increased genesis rates with global warming, especially in the northern hemisphere
(Emanuel, 2021), in contrast to the majority of GCMs that show decreases (Knutson et al., 2020).
However, caution is needed when comparing the downscaling TC model to a consensus greatly
influenced by GCMs with horizontal grid spacings too coarse for tropical cyclone resolution (Davis,
2018). Notably, one NOAA Geophysical Fluid Dynamics Laboratory (GFDL) model demonstrates
decreasing TC frequencies under global warming at a 50 km grid spacing, while reducing the grid
spacing to 25 km alone leads to increasing genesis rates (Vecchi et al., 2019). Similarly, the TC
downscaling model by Lee et al. (2020) indicates varying frequency changes depending on the
version of Genesis Potential Indices employed.

Besides, TC risk also depends on the track TCs take, which is not clearly related to climate
sensitivity. Additionally, we did not know before our study if future TC risk change was mainly
driven by climate change, socio-economic development, or the two drivers more or less equally. If
the total risk were dominated by socio-economic development, we might not have found such a clear
connection between TC risk increase and climate sensitivity. Indeed, our discussion of the magnitude
of socio-economically-driven risk change at the end of the century Southern Hemisphere supports
this statement.

In conclusion, the relationship between TC risk increase and climate sensitivity is an important
discovery: we may use the climate sensitivity of GCMs as a first indicator for TC risk increase. Yet,
some inter-GCM variations may arise from natural climate variability rather than only in response to
increased greenhouse gas concentrations. Specifically, we used single ensemble members from each
GCM and hence, any inter-GCM comparison of climate change signals will be affected by different
phases of natural variability too. Moreover, it remains to be investigated if this finding is generalizable

beyond the particular statistical-dynamical TC model used in this study:.

These findings certainly prompt further research opportunities for TC hazard modellers. However,
they are also a representation of the maturity of TC hazard modelling as a field, which is important

from a risk modelling perspective. In contrast to the other key components of risk modelling -
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exposure and vulnerability - hazard simulations are substantially more advanced. We have many
skillful models and approaches available to simulate future TCs (Emanuel et al., 2008; Lee et al.,
2020; Bloemendaal et al., 2022). But this availability is unmatched on the side of exposure and
vulnerability. Hence, we should not confuse low sensitivity indices for exposure- and vulnerability-
related input factors (Fig. 3.2) with low importance for TC risk assessment in general. The comparably
low sensitivity indices for exposure and vulnerability may simply result from a limited capability
to simulate socio-economic development and changing vulnerabilities. Specifically, in this study,
we neglect possible changes in vulnerability in the future because such competencies are largely
nonexistent. Moreover, our choice to report the relative TC risk change and not a change in absolute
terms masks the importance of the impact function-related input factor for the output uncertainty
further (compare Fig. 3.2 and Supplementary Figure B.1). For exposure, we used SSP-based GDP
growth factors to approximate socio-economic development. However, the SSPs were not designed
to be used in a spatially explicit fashion (Riahi et al., 2017), which is required for our type of risk

assessment. Also, the GDP scaling ignores spatial patterns in socio-economic growth like urbanization.

These limitations consequently restrict our possibilities to inform the input factors central to the
uncertainty and sensitivity analysis. In this study, we limit the input factors to all available, plausible
representations of the future climate and socio-economic system. Hence, as long as such models for
future exposure and vulnerability are missing, they remain blind spots in our assessment of future
TC risk changes. The results from our sensitivity analysis suggest that hazard uncertainty needs to
be reduced, and there is no question that more research is needed in this direction. However, our
interpretation is that model maturity and complexity are not even across the three components, and
therefore we recommend focusing future research efforts on better understanding and representing
socio-economic development in a spatio-temporally explicit way. In parallel, improved vulnerability
representations, including changing aspects of vulnerability in the future, would advance TC risk
assessment further. Nonetheless, we note that TC risk estimates vary based on the chosen TC
hazard model (Meiler et al., 2022b). Similar to the epistemic uncertainty discussed for changing
TC frequency in a warming climate, uncertainties exist among TC hazard models. For example,
future TC risk calculations based on a fully statistical TC model (Bloemendaal et al., 2022) yield
comparable findings for assessing future TC risk drivers but differ in the results of the sensitivity
analysis due to the differences in the underlying modelling approach and model structure (Meiler
et al., 2023b). More generally speaking, in the context of uncertainty and sensitivity analysis, the
choice of model and its meta-parameters represent normative uncertainty (Kniisel et al., 2020; Kropf
et al., 2022). This includes, for instance, using a risk model based on hazard, exposures, and impact
functions; selecting output metrics of interest; focusing on specific large-scale regions. While most of
these uncertainties are not per se quantifiable and thus not reported as results, they can be identified
and discussed systematically (Kniisel et al., 2020), particularly regarding the fitness for purpose.
The here chosen model setup is designed to study uncertainties in societal TC risk at a national
scale, rather than focusing on TC climatology. This justifies the choice of basin boundaries based on
countries’ borders which encompass TCs originating in different basins with distinct characteristics
of TC formation, intensification, and movement, and the choice of relative change in EAD and 100-y

events as risk metrics. The results presented here are only meaningful within the context of this
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study design choice, and extrapolation to other purposes should be treated with restraint.

Ultimately, we caution against deriving strong policy statements given that the uncertainty
parametrization is subject to the abovementioned limitations and biases, and only those input
factors included in the study design can be analyzed for their sensitivity. However, we can still draw
important, potentially policy-relevant conclusions from our analysis. We suggest using a variety of
GCMs to tailor future TC risk assessments for different levels of risk aversion. For instance, to study
TC risk at the very hot tail of the global model temperature change distribution, we can pick a TC
event set downscaled from a GCM with high climate sensitivity. The probability of ECS exceeding
5° C is higher than 5% after all (Sherwood et al., 2020). Considering such scenarios is important
for conservative risk assessment and may be combined with a storyline approach to analyze and
communicate high-impact TC in the climate change context (Shepherd et al., 2018; Ciullo et al.,
2021).

In conclusion, our study setup allows analyzing different types and sources of uncertainty in the
same quantitative framework. Our results increase the information value of future TC risk assessment

and thus provide a more transparent basis for decision-making than conventional analyses.

3.4 Methods

3.4.1 Study regions

We compare the increase of future TC risk over four main global regions shown in Figure 3.1 a) and
previously defined by Meiler et al. (2022b) and also used in a study of analogous setup but different
TC hazard model (Meiler et al., 2023b). The regions broadly reflect distinct TC areas with a focus on
the landmasses affected by the respective TC activity in contrast to regionalizations focused on the
ocean basins of TC origin. Because we focus on the socio-economic impacts of TCs on nations as a
whole, we include TCs originating in two basins for the USA, Mexico and other Central American
countries with both Atlantic and Pacific coastlines. Yet, we note that TC frequencies and other shifts
in TC climatology are basin-specific. Landfalling TCs originating in the North Atlantic are much more
frequent and thus play a major role for the region in contrast to TCs forming in the Eastern Pacific.
The diverse shifts in TC climatology in a warming climate for both basins are encompassed by the
TC event set we employ. Whether changes arise from shifts in TC climatology in either basin is of
secondary importance, as we quantify effects on the country’s overall GDP While we capture these
variations, we do not separate them. Hence, we combine the North Atlantic and Eastern Pacific into
one region (AP) and evaluate TC risk in all of the Southern Hemisphere (SH) combined, applying
the same logic as in the AP region. The North Indian Ocean (I0) and Western Pacific (WP) complete

our geographical split.

3.4.2 Synthetic tropical cyclone tracks

Synthetic TC tracks are generated using a statistical-dynamical downscaling method developed by

Emanuel et al. (2006, 2008)). This method builds on three components to simulate TCs: initialization
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using a random seeding technique, propagation of the TCs via synthetic local winds from a beta-
and-advection model, and TC intensity simulation along each track by a dynamical intensity model
(CHIPS, Coupled Hurricane Intensity Prediction System) (Emanuel et al., 2004). We note that a
detailed model description and evaluation can be found in Emanuel et al. (2008). For this study, the
TC model is driven by climate input data from nine different GCMs (Supplementary Table B.8) and
three emission scenarios (SSP245, SSP370, SSP585) from the CMIP6 generation. Climate models
include a range of scenarios for future greenhouse gas emissions and atmospheric concentrations
based on the socio-economic development described in the SSPs (Section 3.4.3. In previous climate
model generations, they were defined under the Representative Concentration Pathways (RCPs);
in the newest generation, they follow the notation of the socio-economic projections. Together,
the SSPs and resulting scenarios simulated in the GCMs provide a framework for exploring the
potential impacts of different socio-economic and environmental futures on the global climate system.
The model is run for a present climate reference state (1995-2014) and two future periods in the
middle (2041-2060) and the end of this century (2081-2100). For each simulated year, 500 TCs are
generated by the three steps described above. Driven by the boundary conditions of the different
GCMs (e.g., sea surface temperatures and wind shear), a changing number of the initial seeds survive
to become TCs. The TC frequency for each simulated year is then determined by the fraction of
initial seeds and the final generated count of 500 events per year after calibrating with a constant as

provided with the event set.

3.4.3 Socio-economic growth data

We derive economic growth factors from different SSPs to approximate socio-economic development.
These factors are acquired from the SSP database, which aims to document the quantitative projections
of SSPs and related Integrated Assessment scenarios (for an overview see Riahi et al. (2017)). SSPs
comprise five trajectories that examine how global population, economic growth, technological
development, governance and social norms might change over the next century. A range of different
SSP elements have been quantified (e.g., population growth, urbanization, economic development)
considering the main characteristics of the SSP future development pathways. Here, we focus on
economic development only, reported as GDP projections. For GDB three alternative interpretations
of the SSPs have been developed by different teams (the Organization for Economic Co-operation and
Development (OECD) (Dellink et al., 2017), the International Institute for Applied Systems Analysis
(TIASA) (Crespo Cuaresma, 2017) and the Potsdam Institute for Climate Impact Research (PIK)
(Leimbach et al., 2017)). All resulting GDP projections were built on the same guiding assumptions
for interpreting the SSPs regarding the key determinants of economic growth; however, they differ
in the employed methods and outcomes. For this study, we query the SSP database for GDP growth
factors for the years 2050 and 2090 for each country and all five SSPs from the three models (Riahi
et al., 2017). Note, the years 2050 and 2090 constitute the central time points of the respective

future TC simulations for the middle and end of this century (see previous section).
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3.4.4 Risk model CLIMADA

CLIMADA is an open-source risk model, which was created to simulate the interaction of climate
and weather-related hazards, the exposure of assets or populations to this hazard, and the specific
vulnerability of exposed infrastructure and people in a globally consistent fashion (Aznar-Siguan
and Bresch, 2019; Bresch and Aznar-Siguan, 2021). The model is developed and maintained as a
community project, and the Python 3 source code is openly and freely available under the terms of
the GNU General Public License Version 3 (Aznar-Siguan and Bresch, 2019; Bresch and Aznar-Siguan,
2021). In this study, we use CLIMADA v3.2 (gabrielaznar et al., 2022) to calculate the increase in
direct economic damage from TCs in the middle and end of this century compared to a present-day
baseline. We compute spatially explicit damage values on a global grid at 300 arc-seconds (~10 km)

resolution.

3.4.5 Tropical cyclone hazard data

The TC hazard layer in CLIMADA is described by a 2D-wind field obtained from coupling TC track sets
with a parametric wind model. Here, we apply two different wind models based on parameterizations
following Holland (2008) and Emanuel and Rotunno (2011) to all TC track sets described above.
Both parametric wind models compute the gridded 1-minute sustained winds at 10 meters above the
ground as the sum of a circular wind field and the translational wind speed that arises from the TC
movement. The wind models differ in their derivation of the (absolute) angular velocity from the
parametric wind profile. For both wind models, the decline of the translational component from the

cyclone center is incorporated by multiplying it by an attenuation factor (Geiger et al., 2018).

We calculate the wind fields at a resolution of 300 arc seconds (~ 10 km) for this study. The
hazard variable used in CLIMADA is lifetime maximum wind speed at each spatial location; values
below 34kn (17.5ms™!) are discarded.

3.4.6 Asset exposure data

Exposure data for direct economic risk assessment contains information on asset value exposed to
hazards. We create a dataset of spatially explicit, gridded asset exposure value using the LitPop
method. LitPop distributes national estimates of total asset value to the grid-level, proportional to
the product of nightlight intensity (Lit) and population count (Pop) (Eberenz et al., 2020). The
present-day, reference exposure layer is computed at a resolution of 300 arc-seconds (~ 10 km)
and the 2005 Gross Domestic Product (GDP) value (in USD). Note, the present-day TC track sets
(1995-2004) are centered around the exposure reference year 2005. Future projections of exposed
asset values are constructed by scaling these reference asset values at every grid point with the
growth factors derived for the two future time periods, five SSPs and three models described above
(Section 3.4.3). The distribution of assets is thus static and is independent of future changes to the

climate, the environment and the socio-economic factors.
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3.4.7 Impact functions

In the field of risk assessment, we use impact functions to describe vulnerability; in other words, the
relationship between hazard intensity and the amount of damage it causes to assets. Impact functions
are thus the critical link between hazard and exposure to calculate absolute direct damages for TC
events at exposed locations. Here, we use sets of regionally calibrated impact functions (Eberenz
et al., 2021), which build on the idealized sigmoidal impact function suggested by Emanuel (2011).
Eberenz et al. (2021) grouped countries of similar vulnerability into nine distinct regions and fitted
impact functions to reported damage data in these regions to account for the heterogeneous picture
of TC risk across the globe. In this study, we use impact functions that were calibrated on historical
records (Eberenz et al., 2021) and not synthetic TC tracks. We furthermore note that we focus on
wind-driven risks in this study and neglect the explicit representation of TC risks from storm surge
or TC rainfall-driven flooding. However, these sub-hazards are implicitly captured by the impact

functions because they were calibrated to total damage values.

3.4.8 Uncertainty and sensitivity analysis

We use the uncertainty and sensitivity quantification (unsequa) module of CLIMADA (Kropf et al.,
2022) to compute the model uncertainties and sensitivity indices reported in this study. This module
seamlessly integrates the SALib — Sensitivity Analysis Library in Python package (Herman and Usher,
2017) into the CLIMADA risk model, hence supporting all sampling and sensitivity index algorithms
implemented therein. In general, the workflow of this module follows the steps of common uncertainty
and sensitivity quantification schemes (Pianosi et al., 2016; Saltelli et al., 2019). Here we describe

the key steps in more detail.

Table 3.1: Input factors and their variability space.

Input factor Variable name Type Range

Hazard: GCM GCM discrete 1-9

Hazard: Emission scenario SSP hazard discrete 1-3

Hazard: Wind model Wind model discrete 1-2

Hazard: Bootstrapping Event subsampling base/future ~ continuous 80% of every year

Exposure: SSP-based GDP scaling SSP exposure discrete 1-5

Exposure: GDP model GDP model discrete 1-3

Exposure: m, n scaling LitPop Exposure urban /rural weighting  discrete 1-9; m=[0.5, 1.0, 1.5], n=[0.5, 1.0, 1.5]
Impact functions Vulnerability function midpoint  continuous within IQR of regional TC calibration®

%(Eberenz et al., 2021)

First, we define the input factors and their variability space. Table 3.1 lists all input factors and
the corresponding input parameter ranges, which describe the probability distributions of these
random variables. Specifically, we define four input factors characterizing the hazard component of
our risk model. We draw from a discrete distribution of i) GCMs driving the TC model boundary
conditions (GCM); ii) emission scenarios (SSP hazard); iii) wind models to calculate the 2D wind
field (Wind model); and iv) sub-sample 80% of the events in every year of the synthetic TC event set

to represent natural variability (Event subsampling base, Event subsampling future). The exposure
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variable consists of three input factors. We sample from a discrete list of i) GDP growth factors
derived from five different SSPs (SSP exposure); ii) three models used to translate the SSPs into
economic growth factors (GDP model); and iii) we generate exposure layers after nine different
formulations of the Lit (m) and Pop (n) components to explore the uncertainty of the LitPop method.
In more detail, varying the two exponents allows us to weight densely populated and rural areas
differently. A higher value of n (Pop component) emphasizes highly populated areas, and a lower
value the sparsely populated areas (Exposure urban/rural weighting). Note, the total asset value
remains constant. Finally, we vary the slope parameter (Vulnerability function midpoint) of the impact
function, which describes the wind speed at which the function’s slope is steepest and a damage ratio
of 50 % is reached. We inform the range of this parameter by the IQR of the regionally calibrated
impact functions in Eberenz et al. (2021, cf. Fig. 5).

The next step is to draw samples of the input parameter values according to their respective
uncertainty probability distribution. In this study, we use the Sobol sampling algorithm (Sobol, 2001;
Saltelli et al., 2010) to draw 2! samples, which translates into 40,960 input factor combinations.
The TC risk calculation is then executed for each combination, yielding a distribution of model
outputs, which can then be analyzed and visualized. In this study, we evaluate the uncertainty in TC
risk increase of the EAD and the 100-yr event. Finally, the quantification of the relative influence
of the input factors on output variability is achieved by calculating sensitivity indices. We apply a
variance-based method, the Sobol quasi-Monte Carlo sequence (Sobol, 2001). Sobol indices describe
the ratio of the marginal variances to the total variance of the output metric. In this study, we
evaluate first- and total-order indices. The former measure the direct contribution from each input
parameter to the output variance, and the latter the overall contribution from an input parameter

considering its direct effect and its interactions with all the other input parameters.

Data Availability

The synthetic TC data are property of WindRiskTech L.L.C., which is a company that provides hurricane
risk assessments to clients worldwide. Upon request (info@windrisktech.com), the company provides
datasets free of charge to scientific researchers, subject to a non-redistribution agreement. For this
study we used the Python (3.8+) version of CLIMADA release v3.2.0 (gabrielaznar et al., 2022).
Source code is openly and freely available under the terms of the GNU General Public License Version
3 (Aznar-Siguan and Bresch, 2019; Bresch and Aznar-Siguan, 2021).

Code Availability

Code to reproduce the results of this paper is available at a GitHub repository with the identifier
https://doi.org/10.5281/zenodo.8073353 (Meiler, 2023).


https://github.com/simonameiler/TC_future_MIT
https://doi.org/10.5281/zenodo.8073353
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CHAPTER

Uncertainty and sensitivity analysis for
probabilistic, global modelling of future

tropical cyclone risk

Modelling the risk of natural hazards for society, ecosystems, and the economy is subject to strong
uncertainties, even more so in the context of a changing climate, growing economies, evolving
societies, and declining ecosystems. Here we apply a new feature of the CLIMADA climate risk
modelling platform, which allows carrying out global uncertainty and sensitivity analysis. We
showcase the comprehensive treatment of uncertainty and sensitivity of CLIMADA's outputs for
the assessment of future global tropical cyclone (TC) risk. Our results show that socio-economic
development contributes more strongly to TC risk increase in the future and is a more uncertain
risk driver than climate change. Besides, we find that exposure scaling based on the Shared
Socioeconomic Pathways (SSPs) is the input variable with the most significant impact on TC risk
change calculations. In conclusion, we argue that a thorough and systematic assessment of future
global TC risk will help focus forthcoming research efforts and enable better-informed adaptation

decisions and mitigation strategies.

4.1 Introduction

Natural hazards pose risks to society, ecosystems, and the economy, and modelling these risks is
subject to notoriously high uncertainties, especially in the face of a changing climate and developing
societies and economies (Kropf et al., 2022). In the present study, we utilize and showcase a new
feature of the open-source, probabilistic climate risk modeling platform CLIMADA (Aznar-Siguan
and Bresch, 2019), which allows conducting global uncertainty and sensitivity analysis of weather
and climate risk assessments (Kropf et al., 2022). This approach exceeds conventional climate risk
analyses by examining the entire uncertainty space of the model output uncertainty analysis) and
investigating how this uncertainty can be attributed to variations of the model input actors (sensitivity
analysis). Both uncertainty and sensitivity analyses use numerical techniques, such as Monte Carlo

or quasi-Monte Carlo schemes (Lemieux, 2009; Leobacher and Pillichshammer, 2014), to repeat the

This chapter is published as Meiler et al. (2023b)
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model runs multiple times with varying input parameters. The input parameter ranges should be
(physically) plausible and ideally be informed by background knowledge concerning these parameters
(Beven et al., 2018). We argue that this thorough and systematic application of uncertainty and
sensitivity analyses will enhance the information value of risk modeling efforts and generate more
transparent and comprehensive outcomes for decision-making.

One of the most devastating natural hazards are tropical cyclones (TCs), which have caused
over 1400 billion USD in economic losses in the US alone over the past 50 years (WMO, 2021)
and threaten tropical and subtropical regions worldwide. In the future, TC impacts (and risks) will
aggravate further due to climate change and socio-economic development (Peduzzi et al., 2012;
Noy, 2016; Geiger et al., 2021). Therefore, it is essential to support risk reduction efforts and
improve societal resilience towards TCs through the provision of reliable risk assessments. A common
practice in TC risk modelling is integrating probabilistic sets of synthetic TC data with information
on exposure and vulnerability. In this study, we use a large set of synthetic, global TC data from a
fully-statistical TC model, the Synthetic tropical cyclOne geneRation Model (STORM), for historical
(Bloemendaal et al., 2020b) and future climate conditions (Bloemendaal et al., 2022). Moreover,
we approximate socioeconomic development in line with different Shared Socioeconomic Pathways
(SSPs) and scale Gross Domestic Product (GDP) projections accordingly (Riahi et al., 2017). Finally,
we complement these future representations of hazard and exposure data with regionally calibrated
vulnerability functions (Eberenz et al., 2021) to estimate the TC risk change in the future, expressed
by the standard metrics of expected annual damages (EAD) and the 1-in-100 year damage event
(100-yr event in short). On this basis, we assess the drivers and uncertainties of global TC risk change
in the future and quantify how these uncertainties can be attributed to variations in input factors.

In this paper, we describe the data and methods used for probabilistic, global modelling of future
tropical cyclone risk and the uncertainty and sensitivity analysis (Section 4.2), we then report results

(Section 4.3) and finish with a brief discussion (Section 4.4) and overall conclusion (Section 4.5).

4.2 Methods

4.2.1 Impact model CLIMADA

The impact model CLIMADA (CLIMate ADAptation) is an open-source framework to simulate the
interaction of weather and climate-related hazards, the exposure of assets or populations to this
hazard, and the specific vulnerability of exposed infrastructure and people in a globally consistent
way (Aznar-Siguan and Bresch, 2019; Bresch and Aznar-Siguan, 2021). Here, we use CLIMADA to
calculate the change in direct economic damage from TCs in the middle of this century compared
to a historical baseline. Specifically, we calculate spatially explicit damage values for thousands of
events on a global grid at 300 arc-seconds (~ 10 km) resolution. Moreover, we use the uncertainty
and sensitivity quantification (unsequa) module of CLIMADA (Kropf et al., 2022) to perform the
uncertainty and sensitivity analysis central to this study. Via the unsequa module, CLIMADA users
have direct access to the SALib — Sensitivity Analysis Library in Python package (Herman and Usher,

2017), including all sampling and sensitivity index algorithms implemented therein.
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i) Tropical cyclone hazard

The TC hazard layer in CLIMADA consists of a 2D-wind field obtained from coupling TC track sets
with a parametric wind model. Here, we use synthetic TC tracks from a fully statistical model
developed by Bloemendaal et al. (2020b, 2022). For this study, we use 10,000 years of synthetic,
global TC data for historical (1980-2017) and future climate conditions (SSP585; 2015-2050)
from an ensemble of four high-resolution climate models of the CMIP6 generation. We then apply
two wind models based on parameterizations following Holland (2008) and Emanuel and Rotunno
(2011) to all TC track sets. The hazard variable used for risk and impact calculations in CLIMADA is
the lifetime maximum wind speed at each spatial location; 1-minute sustained wind speeds below
34kn (17.5ms™}) are discarded.

ii) Asset exposure data

In CLIMADA, we create datasets of spatially explicit, gridded asset exposure values using the LitPop
method (Eberenz et al., 2020) to obtain information on asset value exposed to hazards for direct
economic risk estimates. First, the historical reference exposure layer is calculated based on the
year 2000 GDP value (in USD). Then, future exposure projections are constructed by scaling these
reference asset values at every grid point with the growth factors derived in line with the SSPs for
2050. Specifically, we retrieve GDP growth factors for each country from the SSP database (Riahi
et al., 2017) for all five SSP narratives from three alternative model interpretations by teams from
the Organization for Economic Co-operation and Development (OECD; Dellink et al., 2017), the
International Institute for Applied Systems Analysis (IIASA; Crespo Cuaresma, 2017) and the Potsdam
Institute for Climate Impact Research (PIK; Leimbach et al., 2017)).

iii) Impact functions

Impact functions link hazard intensity with the relative degree of damage, which is needed to
calculate absolute damages for events at exposed locations. Here, we use sets of regionally calibrated

TC impact functions (Eberenz et al., 2021).

4.2.2 Uncertainty and sensitivity analysis

The workflow of CLIMADA's unsequa module follows the steps of consolidated uncertainty and
sensitivity quantification schemes (e.g., Pianosi et al., 2016; Saltelli et al., 2019). Here we describe
the critical steps of this workflow in more detail. First, we define the input factors (random variables)
and their variability space in terms of their distributions and parametrization (Table 4.1). In this study,
we define both discrete sets of scientifically justified inputs based on alternative representations of the
future and one continuous parameter range. In detail, we define three input factors characterizing
the hazard component, three for the exposure and one for the impact function. To perturb the hazard,

we sample from a discrete distribution of

1. climate models used to generate the future TC datasets (gc_model),

2. wind models (wind_model), and
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3. sub-samples of the total TC hazard set, each containing 1000 years of TC activity (ensem-

ble_pres, ensemble_fut).
For the exposure, we draw samples from a discrete list of
1. five different SSPs (ssp_exp),
2. three models used to translate the SSPs into GDP growth factors (gdp_model), and

3. we generate exposure layers after nine different compositions of the Lit (m) and Pop (n)

exponents with values for m and n of [0.5, 1.0, 1.5] (Kropf et al., 2022, cf. Appendix B).

Finally, we vary the parameter of the impact function, which describes the steepest point of the
vulnerability curve (v_half), and define its variability space by the respective interquartile range
(IQR) as presented in Eberenz et al. (2021, cf. Fig. 5).

Table 4.1: Input factors and their variability space.

Input factor Type Range

Hazard: GCM model discrete 1-4

Hazard: Wind model discrete 1-2

Hazard: Sub-sample discrete 1-10

Exposure: SSP-based GDP scaling  discrete 1-5

Exposure: GDP model discrete 1-3

Exposure: m, n scaling LitPop discrete 1-9

Impact functions: v_half continuous  within IQR of TC calibration

We then generate a set of N=2'! samples of the input parameters yielding 36,864 input factor
combinations for sampling by applying the Sobol’ sampling algorithm (Sobol, 2001; Saltelli et al.,
2010) using the SALib Python package (Herman and Usher, 2017) as seamlessly integrated into
CLIMADA (Kropf et al., 2022). For each sample, the TC risk change is computed, which yields a
distribution for both risk metrics analyzed in this study (change in EAD and 100-yr event). This
resulting distribution of model output forms the basis for the uncertainty analysis. Besides, it is
the starting point for the sensitivity analysis. Namely, we perform a variance-based analysis using
the Sobol’ quasi-Monte Carlo sequence (Sobol, 2001). We report first- and total-order indices as
measures of each input factor to the output variance considering their direct effect (first order) and

interactions with all the other input parameters (total order).

4.2.3 Metrics for tropical cyclone risk assessment

The risk metrics of interest are the EAD and the 100-yr event, and we calculate the future TC risk
change relative to the historical baseline. Hence, we report results as relative changes of the EAD and
100-yr event in percent. We first quantify the contributions of climate change and socio-economic
development to future TC risk change. To do so, we run our study setup on a) the historical exposure
layer and future climate hazard data to assess the contribution of climate change, and b) on the

historical hazard data and future exposure layers to evaluate the magnitude of socio-economic
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development to the risk change. We compare these two drivers to the total change in TC risk,
including contributions and interactions from climate change and socio-economic development. In
the second part, we evaluate the first and total order sensitivities of the total TC risk change in more
detail.

4.2.4 Study regions

We compare the change of future TC risk over four distinct global regions (Meiler et al., 2022b, cf.
Fig. 4) with a focus on the landmasses affected by the respective TC activity; namely, the North
Atlantic/Eastern Pacific (AP), North Indian Ocean (IO), Southern Hemisphere (SH), and North
Western Pacific (WP).

4.3 Results

4.3.1 Drivers and uncertainties of future TC risk change

The future change in TC risk can be driven by climate change (CC), socio-economic development
(SOCQ) and both factors interacting (total). Here we assess the main drivers and their uncertainty

across the four study regions and two risk metrics (Fig. 4.1).

Figure 4.1: Tropical cyclone risk change due to climate change (CC), socio-economic development (SOC), and both drivers
interacting (total) with respect to the historical baseline. The change (%) in expected annual damage (EAD) (panels a, b,
¢, d) and 100-yr event (rp100) values (panels e, f, g, h) are reported for the four study regions North Atlantic/Eastern
Pacific (AP), North Indian Ocean (I0), Southern Hemisphere (SH), and North Western Pacific (WP).

Socio-economic development yields a larger TC risk increase than climate change in all regions.
For example, the median risk change in EAD from climate change alone ranges from -0.2 % (I0) to
+0.9% (SH, WP), and the change in the 100-yr event from -0.3% (IO) to +0.7% (SH). Socio-economic
development, in contrast, yields a TC risk increase from +0.9% (+0.8%) in the AP to +2.8% (2.7%)
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in the IO region for the EAD (100-yr event). The total TC risk increase is higher than the contributions
of the single drivers (CC, SOC) in all regions except for the North Indian Ocean. There, climate
change offsets part of the TC risk increase from socio-economic development. The total TC risk
increase amounts to +1.3% (1.2%), +1.9% (1.5%), +3.4% (2.9%), and +2.8% (2.8%) in the AP, IO,
SH, and WE for the EAD (100-yr event) respectively.

The total TC risk change includes non-linear effects between the two key drivers (CC, SOC) and
it is not the mere result of their sum. These interactions increase the output uncertainty in contrast
to the distribution of EAD and 100-yr event values for the single drivers, which can be inferred from
the shapes of the violin plots (Fig. 4.1). The climate change-driven EAD and 100-yr event values
exhibit a uniform distribution and the smallest uncertainties (Fig. 4.1, left violin plots) compared
to changes from SOC and total TC risk change. The distributions of the socio-economically-driven,
future TC risk change values (Fig. 4.1, middle violin plots) carry the imprint to the five SSPs, which

can be recognized from the kernel density of the violin plots.

4.3.2 Sensitivity indices

This sensitivity analysis helps to determine how the uncertainties in TC risk change described in the
last section can be attributed to variations in model input factors. Here, we present the first- and

total-order sensitivity indices of our TC risk calculations.

The input variable describing the SSP-scaling of the exposure layer (ssp_exp; see Methods)
exhibits the highest first-order sensitivity index in all regions and for both risk metrics (Fig. 4.2).
The sole exception is the 100-yr event results in the North Indian Ocean, where the GCM underlying
the TC hazard set (gc_model) dominates (Fig. 4.2 c)). In contrast, input factors with little influence
on the output are generally the wind model selection (wind_model), Lit (m) and Pop (n) exponent
variations (mn_scaling), and both hazard ensemble choices (ensemble pres, ensemble_fut). Besides,
the input factor describing the impact functions (v_half) has a moderate impact on the output in the
SH and WP regions but a small effect in the other two regions. Note that this relative importance
changes if we report TC risk in absolute values (not shown here), in which case v_half controls the
output uncertainty over all regions and metrics. Finally, the sensitivity indices of the gc_model and
gdp_model variables vary over small to moderate values depending on regions and metrics with the

abovementioned exception.

In essence, the total-order sensitivity indices broadly mirror the ranking and distribution of the
first-order indices (Fig. 4.2). The ssp_exp still ranks as the most or second most important factor. One
notable exception is the AP region (Fig. 4.2 b)), where gc_model, ensemble_fut (both metrics), and
ensemble pres, wind_model, mn_exp, v_half for the 100-yr event stand out with notably higher total-
than first-order sensitivity indices. This increase implies that these input factors interact considerably
with other factors. Besides, the gc_model input variable has a significant impact on the EAD but a

much smaller effect on the 100-yr event in the AP and IO.
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Figure 4.2: First- (panels a, c, e, f) and total-order (panels b, d, f, h) sensitivity indices for future TC risk change expressed
as %-change in EAD (solid bars) and 100-yr event values (rp100; bars with hatching) over the four study regions North
Atlantic/Eastern Pacific (AP), North Indian Ocean (I0), Southern Hemisphere (SH), and North Western Pacific (WP) and
all input variables (see Section 4.2.2 and Table 4.1 therein).

4.4 Discussion

Our results show that non-linear interactions between climate change and socio-economic devel-
opment drive TC risk change in the future. Disentangling the contributions of both key drivers
yields a smaller TC risk increase from climate change than socio-economic development in all study
regions. Climate change even reduces TC risk in the North Indian Ocean by a few permille and thus
compensates for a part of the risk increase induced by socio-economic development. This finding
may seem surprising as the literature generally documents a TC intensity increase in all ocean basins
with climate change (Knutson et al., 2020). However, (Bloemendaal et al., 2022) - which generated

the TC data we use in this paper - report a decrease in wind speeds for their future TC projections in
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the Bay of Bengal, which elucidates our results.

Furthermore, we report a median TC risk change in the future on the order of 2-3%. This may
seem like a minor change. However, if we evaluate the entire distribution of possible TC risk changes,
we obtain values that exceed a 10% increase. In absolute terms, the future 100-yr event can exceed
2300 bn, 2400 bn, 3500 bn, and 3700 bn USD in the SH, 10, AB and WE respectively. This wide
distribution of possible outputs comes with implications for TC risk assessments. Depending on the
specific aim and application, one may want to consider the risk estimate with the highest probability
density, hence median or mean values. However, if a conservative risk assessment is the central
focus of a study, the risk analyst should consider the worst-case output values at the high end of the
uncertainty distribution.

The sensitivity indices are used to quantify the relative importance of different input factors and
can be used to identify which variables have the most significant impact on the output. We show that
the SSP-informed exposure scaling is a major determinant of output uncertainty. In our approach, the
GDP scaling ignores spatial patterns in socio-economic growth. Therefore, we recommend focusing
future research efforts on better understanding and representing socio-economic development. In
parallel, improved impact functions would advance TC risk assessment further. We use impact
functions that were calibrated on historical records and not synthetic TC tracks. Besides, in this study,
the relative importance of the parameter describing the impact functions is partially masked by our
choice to report the relative TC risk change and not a change in absolute terms. Moreover, we neglect
possible changes in vulnerability in the future. More accurate impact functions would ultimately
benefit TC risk assessments in relative and absolute terms. Additionally, we recommend a careful
selection of the GCM underlying the hazard set. This input factor is a key driver for the uncertainty
in some regions, and depending on the application, users may apply the multi-model mean or
select the GCM producing the worst-case results. Finally, while our results will help guide future
research efforts, we caution against deriving strong policy statements given that the uncertainty
parametrization is subject to limitations and biases, and only those input factors included in the

study design can be analyzed for their sensitivity.

4.5 Conclusion

In conclusion, this study shows that exploiting the full range of output values and assessing their
probability increases the information density for TC risk assessment. Besides, sensitivity indices are

a powerful tool to deepen model understanding and to focus future research efforts.
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A cross-model exploration of uncertainty
and sensitivity analysis for future tropical

cyclone risk

Future tropical cyclone risks will evolve depending on climate change and socio-economic develop-
ment, entailing significant uncertainties. A comprehensive uncertainty and sensitivity analysis
of future tropical cyclone risk changes is thus vital for robust decision-making and model im-
provement. However, the outcomes of such uncertainty and sensitivity analyses are closely tied
to the chosen model setup, warranting caution in interpretation and extrapolation. Our study
investigates how four distinct tropical cyclone hazard models as well as alternate representations
of socio-economic development influence future tropical cyclone risk. We find that socio-economic
factors consistently drive increased risk across all models, while the uncertainty in these risk drivers
is hazard model-specific. For instance, the MIT model-based results are sensitive to the choice
of global climate model, while estimates from CHAZ, STORM, and climate-conditioned IBTrACS
are mainly influenced by exposure scaling based on Shared Socio-economic Pathways. Finally,
we differentiate between aleatory, epistemic, and normative uncertainties, offering guidance to

reduce these uncertainties and provide better-informed decision-making.

5.1 Introduction

Providing reliable tropical cyclone (TC) risk assessment is challenging due to severe uncertainties
in the model input components and model structure (Kropf et al., 2022). Uncertainties can be
classified into distinct categories; here we distinguish aleatory, epistemic and normative uncertainty.
This classification provides a structured approach to understanding and analyzing uncertainty. It
helps in devising appropriate risk management and decision-making strategies and focusing research
efforts for model improvements. Aleatory uncertainty, rooted in inherent randomness within natural
processes, encompasses the variability of factors like atmospheric conditions and ocean temperatures
affecting tropical cyclone behavior (Walker et al., 2003). Epistemic uncertainty, arising from our
limited understanding of the modelled system, relates to uncertainties in synthetic tropical cyclone

models, historical data quality, and comprehension gaps in environmental interactions (Walker et al.,
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2003). Climate-related studies furthermore distinguish two kinds of epistemic uncertainty: scenario
uncertainty, reflecting diverse potential emissions scenarios, and projection uncertainty (also called
model or representational uncertainty), arising from the inherent limitations of climate models in
representing real-world systems (Hawkins and Sutton, 2009; Parker, 2010; Knutti, 2018). Norma-
tive uncertainty, on the other hand, emerges from subjective decisions and ethical considerations,
influencing choices like valuation units and risk metrics for tropical cyclone risk assessment (Bradley
and Drechsler, 2014; Bradley and Steele, 2015; Mayer et al., 2017). These types of uncertainties
are interrelated and often co-occur in risk assessment, reflecting the complexity and challenges of

understanding and managing tropical cyclone risks.

Efforts can be made to quantify and reduce some aspects of uncertainty in tropical cyclone risk
assessment. Aleatory uncertainty is quantifiable using statistical methods, such as Monte Carlo
simulations, to determine the probability distribution of potential outcomes. However, it cannot
be entirely reduced due to its inherent nature in natural processes (Henrion and Morgan, 1990).
Epistemic uncertainty can be quantified in some cases, for example, by employing multiple tropical
cyclone hazard models (Chapter 2); their spread of results provides some indication of the epistemic
uncertainty, though as with climate models, it is well accepted that the range of model outputs
does not fully describe epistemic uncertainties. While model improvements, data acquisition, and
research can reduce this uncertainty, complete eradication remains improbable (Walker et al., 2003;
Curry and Webster, 2011; Bradley and Steele, 2015; Knutti, 2018). Scenario uncertainty, a form
of epistemic uncertainty, is not directly quantifiable as it relies on future human actions, but it
can be represented using diverse scenarios outlining possible futures (Moss et al., 2010; Knutti,
2018). Lastly, normative uncertainty relates to value judgments and thus is often not quantifiable
in the same way as aleatory and epistemic uncertainty. For example, whether adaptation decisions
should be based only on expected annual damage (USD), on numbers of people expected to be
affected, or both combined, relates to normative uncertainty. However, efforts can be made to
reduce it by promoting transparency and inclusiveness in decision-making, engaging stakeholders
with diverse viewpoints, and integrating ethical perspectives in risk assessment (Hansson, 2016).
Understanding the quantifiability and potential reduction of these uncertainty types is relevant for

informed decision-making and guiding future research.

Uncertainties in tropical cyclone risk model input components and model structure are numerous,
complex and dependent on the scope of analysis. In Chapter 2, we demonstrate the importance of
tropical cyclone hazard set choice on the modelled, present-day loss estimates. This illustrates both
the epistemic uncertainty inherent to TC hazard modelling and the normative uncertainty of the
hazard model choice for TC risk assessment.

Assessing future tropical cyclone risks requires additional layers of modelling, each introducing its
own set of uncertainties and is further confounded by the lack of verification data (Pianosi et al., 2016;
Wagener et al., 2022). Future TC event sets are generated for various emission scenarios (scenario
uncertainty), based on different climate models (projection uncertainty), and cover diverse future
periods (normative uncertainty). These differences compound with varying TC hazard modelling
approaches (epistemic uncertainty) and interact with uncertainties in the future exposure and

vulnerability representation. Hence, in Chapters 3 and 4, we systematically assess the uncertainties
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and sensitivities in the quantification of future tropical cyclone risks, encompassing uncertainties in
all risk model components. These studies show that the results of such an uncertainty and sensitivity
analysis are highly dependent on the scope of the study setup; a form of normative uncertainty.
For example, the chosen risk metric affects the contribution of the vulnerability function to model
results. For future tropical cyclone risks expressed as changes relative to today’s baseline, its role
is minor. However, when risk is expressed in absolute terms without baseline, its significance rises
(see Section 3.3, Fig. 3.2 and Supplementary Figure B.1). Additionally, the choice of hazard model
influences the results (see Chapters 3 and 4). Notably, uncertainties using TC event sets from the MIT
model are dominated by the choice of global climate model (GCM) used to downscale tropical cyclone
tracks from (Chapter 3), whereas the output uncertainty for simulations using the STORM model is
most strongly influenced by future representations of the exposure layer according to the Shared
Socioeconomic Pathways (SSPs) (Chapter 4). From a risk modelling perspective, such dissimilarities
constitute a form of epistemic uncertainty of the TC hazard model. Hence, in this thesis chapter, I
further investigate the uncertainty in estimated future TC risk that arises from the choice hazard
models, alongside choices of alternative representations of socio-economic development. I use the
same four synthetic TC models as featured in the model intercomparison of present-day loss estimates
presented in Chapter 2. These models differ in structure and approach, thereby leaving their imprint

on the resulting future TC event sets.

While we cannot meaningfully investigate future TC risk estimates from different TC hazard
models in the same model setup akin to Chapter 2, we can compare the single uncertainty and
sensitivity analysis of future global tropical cyclone risk changes using the different hazard models in
an otherwise unchanged setup for exposure and vulnerability. This allows us to determine which
findings are generalizable beyond the single studies and which are inherently linked to their hazard
model components and study setup. Furthermore, it helps us reflect on structural differences
between the tropical cyclone hazard models and the level of maturity and complexity of how the
hazard component is represented in risk models, in contrast to how exposure and vulnerability are
represented in the same risk models. I synthesize these aspects of model choice, model complexity,
and their implication for uncertainty and sensitivity analysis of future tropical cyclone risk models.
Finally, I reflect on the different types of uncertainty and their significance for risk modelling and

decision-making.

5.2 Methods

In this section, I limit data and methods description to elements that are different from other
chapters of this thesis and that are central to this study. For all other model and data features, I
refer readers to the respective sections in the thesis. Specifically, consult Sections 2.4.3, 3.4.4, and
4.2.1 for a description of the impact model CLIMADA; Section 3.4.6 for details on asset exposure
representation; Section 3.4.3 for the representation of socio-economic development; Section 3.4.7 for
impact functions; Sections 2.4.3 i) for a general tropical cyclone hazard and wind model description.
Details of the MIT event sets are provided in Section 3.4.2 and 3.4.5; and the STORM tracks in

Section 4.2.1 i). Metrics for tropical cyclone risk change are introduced in Section 4.2.3 and the
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study regions in Sections 2.4.1 and 3.4.1. The uncertainty quantification module is introduced in
(Kropf et al., 2022) and highlighted in Sections 1.2.2, 3.4.8 and 4.2.2.

Next, I briefly summarize the different TC models (Section 5.2.1) and describe the future TC
hazard sets from the CHAZ model and the probabilistic, climate-conditioned IBTrACS obtained from
the CLIMADA platform (Section 5.2.2). I provide an overview of the representation of future exposure
and uncertainty in vulnerability (Section 5.2.3). Finally, I introduce the definition of input factors

and their variability space central to uncertainty and sensitivity analysis of this study (Section 5.2.4).

5.2.1 Tropical cyclone models

Different synthetic TC models exist, each with its unique modeling approach that influences the
resulting TC event sets. Prominent methods are either purely statistical (e.g., Bloemendaal et al.,
2020b, 2022) or coupled statistical-dynamical (Emanuel et al., 2006, 2008; Lee et al., 2018, 2020).
I briefly review the key similarities and differences of the approaches used in the TC models of this

study.

Statistical-dynamical TC models like the MIT (Emanuel et al., 2006, 2008) and Columbia HAZard
model (CHAZ) (Lee et al., 2018, 2020) both use dynamical downscaling of TC tracks from climate
model output (beta-and-advection model, Marks, 1992). The main genesis mechanism of the MIT
model is random seeding and natural selection (Emanuel et al., 2006, 2008) while CHAZ uses a
tropical cyclone genesis index (TCGI) (Lee et al., 2018, 2020), which statistically links the occurrence
of TCs to large-scale environmental conditions favorable for TC development. Intensity changes
along the tracks are simulated using a dynamical model (MIT, Emanuel et al., 2006, 2008) or an

autoregressive model using physics-based drivers (CHAZ, Lee et al., 2018, 2020).

In contrast, the fully statistical model STORM (Bloemendaal et al., 2020b, 2022) uses autoregres-
sive formulas to simulate both track and intensity of a TC. For future climate simulations, Bloemendaal
et al. (2022) derived changes in key TC variables from four high-resolution GCM simulations (1979-
2014 vs. 2015-2050) and applied these to TC variables from historical data. On this basis, they ran

STORM to simulate future TC activity under climate change.

Similarly, the probabilistic IBTrACS obtained from the CLIMADA platform as described in the
supplementary material of (Gettelman et al., 2018) can be climate-conditioned by changing their
frequency and intensity according to scaling factors derived by Knutson et al. (2015) for the CMIP5
generation of climate models. This approach is simpler than the STORM model. Instead of rerunning
a TC model based on several scaled key TC variables, it just applies scaling factors to both hazard
intensity and frequency. We note that, to date, climate-conditioned IBTrACS are not available for
the newest generation of climate models (CMIP6). Furthermore, the resulting future TC event sets
from both the STORM model and probabilistic, climate-conditioned IBTrACS do not contain spatial
variations compared to their present-day counterparts. In comparison, future MIT and CHAZ hazard

sets are completely new event sets, including spatial variations of the tracks.
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5.2.2 Tropical cyclone hazard set from CHAZ and IBTrACS _p

The statistical-dynamical TC model CHAZ (Lee et al., 2018, 2020) is described in more detail in
Section 2.4.2 v) of this thesis. CHAZ was used to generate TC event sets for three emission scenarios
(SSP245, SSP370, SSP585) drawing from six (CESM2, CNRM-CM6-1, EC-Earth3, IPSL-CM6A-LR,
MIROC6, UKESM1-0-LL) of the nine CMIP6 GCMs also utilized by the MIT model (cf. Supplementary
Table B.8) and two distinctly different choices of moisture variable used in the TCGI component of
CHAZ (Lee et al., 2020). CHAZ is downscaled for every combination of emission scenario, GCM,
and TCGI with 10 different realizations of the genesis model and resulting tracks. For each genesis
realization, 40 ensembles of the intensity model are produced. In this study, we use all 10 genesis
ensembles but select only 8 out of the 40 intensity ensembles. This results in a total of 80 ensemble

members, reducing computational costs while maintaining a crucial sample size.

Analogous to the MIT hazard sets, we contrast TC event sets for a present climate reference state
(1995-2014) with two future periods: mid-century (2041-2060) and end of the century (2081-2100).
Additionally, CHAZ hazard sets require a frequency bias correction (Lee et al., 2018; Sobel et al.,
2019). As with the frequency correction applied to CHAZ hazard sets in Chapter 2, we adjust the
hazard frequency of all reference state hazard sets using the observed frequencies in each basin.
Numbers for the observed IBTrACS genesis events are derived from Bloemendaal et al. (2020b,
Table 3) and are combined to values relevant to the study regions of this thesis (Section 2.4.1). Each
TC in the baseline hazard set is adjusted to ensure the overall frequency aligns with the observed
average. This adjusted frequency is then applied to the TCs in the future climate hazard sets. While
each future TC maintains the same frequency as a present-day counterpart, the entire event set’s
frequency shifts due to variations in the total storm count, thereby reflecting the hazard set’s frequency

changes in the future.

The generation of probabilistic TC tracks from the CLIMADA platform follows a simple inter-
polation method using a random-walk process (Kleppek et al., 2008; Gettelman et al., 2018). The
method was formulated to deduce a probabilistic track distribution from a single storm, neglecting
any particular physics, climate, or basin characteristics. A more detailed description can be found in
the supplementary material of Gettelman et al. (2018), and the handling of observations from the
IBTrACS record (Knapp et al., 2010) is detailed in Section 2.4.2 i).

For this study, we generate a set of 24 probabilistic tracks for each observed TC between the
years 1990 and 2010. Upon generating wind fields from these tracks using two different parametric
wind models (Holland, 2008; Emanuel and Rotunno, 2011), the hazard sets are climate-conditioned
by applying constant, basin-specific factors to the tracks’ intensity and frequency. These factors were
derived from the meta-analysis by Knutson et al. (2015) summarizing the effects of climate change
on tropical cyclones by CMIP5 climate models under RCP4.5 projections for the late 21% century. A
linear scaling approach is used to estimate parameters for different future periods and the other three
RCP scenarios (2.6, 6.0, 8.5) according to the RCP database (IIASA, 2009). Note that we did not
generate climate-conditioned hazard sets for the RCP8.5 scenario at end-of-the-century as the current
implementation of the respective module on the CLIMADA platform produces erroneous results.

In the remainder of this study, we refer to hazard sets generated via this approach as IBTrACS p
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analogous to the naming in Chapter 2.

5.2.3 Exposure and vulnerability representations

In addition to uncertainties related to future tropical cyclone hazard simulations, we represent
changes in socio-economic systems and vulnerability contributing to risk changes. However, in
contrast to hazard modelling, the options for globally consistent, future exposure representations are
more constrained, and simulations for changing vulnerabilities are not available at all. Instead - and
identical to Chapters 3 and 4 - we use economic growth factors from all five SSPs (Riahi et al., 2017)
derived by three different models (Dellink et al., 2017; Crespo Cuaresma, 2017; Leimbach et al., 2017)
to approximate socio-economic development and analyze exposure uncertainties. For vulnerability,
we test uncertainties by varying the vulnerability function’s slope parameter of regionally-calibrated
vulnerability functions (Eberenz et al., 2021) across a wide range but do not hypothesize about

changes to the vulnerability function in the future.

5.2.4 Uncertainty and sensitivity analysis

A central aspect of uncertainty and sensitivity analysis is determining input factors and characterizing
their variability space (Pianosi et al., 2016; Saltelli et al., 2019; Kropf et al., 2022). This section
delineates our approach to address uncertainties in inputs related to (future) TC hazards, exposure,
and vulnerability within the context of our study.

We choose from a discrete list of scientifically justified alternative versions of future climate and
socio-economic systems. We prioritize this approach over simply defining additive or multiplicative
perturbations for each input factor because it avoids the challenges of defining perturbations in
the absence of relevant information, directly relates the output to chosen input combinations, and
circumvents assumptions about the likelihood of specific input scenarios. Specifically, we define five
input factors characterizing the hazard components, three for the exposure and one for the impact
function (see Table 5.1). For event subsampling, targeting the aleatory uncertainty of the hazard
set, we favor continuous sampling to better represent its inherent variability. For the parameters
describing the impact function, continuous sampling is employed due to the absence of a scientifically

supported discrete alternative.
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We then generate a set of N=2° (CHAZ and MIT), N=2!° (IBTrACS _p), and N=2!! (STORM)
samples of the input parameters. We note that for all hazard sets, the sample size is large enough
for the uncertainty analysis to converge. This means that the analysis has reached a state where
additional samples do not significantly change the results. Analogous to Chapters 3 and 4, the Sobol’
sampling algorithm (Sobol, 2001; Saltelli et al., 2010) as implemented in the SALib Python package
(Herman and Usher, 2017) and seamlessly integrated into CLIMADA (Kropf et al., 2022) is applied
to the resulting 10,240 (MIT) to 36,864 (STORM) input factor combinations. For each sample, we
calculate the TC risk change, resulting in distributions for both analyzed risk metrics (change in
EAD and 100-yr event). This output distribution underpins the uncertainty analysis and initiates the
sensitivity analysis. Utilizing the Sobol’ quasi-Monte Carlo sequence (Sobol, 2001), we present first-
and total-order sensitivity indices to estimate each input factor’s contribution to output variance.
Specifically, the first-order sensitivity index measures the direct impact of a single input factor on
the output uncertainty, independent of other factors. The total-order sensitivity index, on the other
hand, captures both the direct effects and any potential interactions with other input parameters.
Together, these indices provide a comprehensive view of how changes in input variables influence

the uncertainty in our results.

5.3 Results

5.3.1 Drivers of future TC risk change: comparison across hazard models

Risk change serves as a useful metric for both risk modelling and effective communication with
stakeholders, offering a comparative perspective between present-day and future scenarios. Future
tropical cyclone risks change in a warming climate and with socio-economic development, which
together shape the total TC risk change. Here, we evaluate the contributions and role of these two
key drivers to future TC risk estimates across hazard models. To consider the influence of climate
change on risk, we hold exposure constant at a reference state while using varying future climate
hazard representations. Conversely, to assess the impact of socio-economic factors, we keep the
hazard data fixed at the present-day baseline, allowing socio-economic conditions to vary. TC risks
are expressed by the common metric of expected annual damage (EAD) and 100-yr damage event
(100-yr event in short), reported as relative changes (in %) compared to present-day baselines. We
present results for four study regions as introduced in this thesis (Sections 2.4.1, 3.4.1, 4.2.4). The
study approach aligns with the setup used in Sections 3.2.1 and 4.3.1. While those sections focus
on individual hazard models (MIT in 3.2.1 and STORM in 4.3.1), our current evaluation spans all
four synthetic TC hazard models featured in this thesis (Fig. 5.1). Note that we limit the results’
description to the EAD in this section because the corresponding key findings for the 100-yr event

are comparable (cf. Supplementary Figure C.1).

Climate change, in general, affects the median TC risk changes comparably across hazard models,
study regions and periods (Fig. 5.1, left most boxplots in all panels). Specifically, the median change
in EAD is on the order of 1% in most cases. However, the uncertainty in TC risk change estimates is

notably higher for all MIT hazard results than the other hazard model outputs, as can be derived from
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the width of the interquartile range of the boxplots shown in Figure 5.1. Furthermore, maximum
values for climate change-driven EAD increase from the MIT hazard reach 20% (45%), 16% (23%),
6% (8%), and 13% (15%) in the North Atlantic/Eastern Pacific, North Indian Ocean, Southern
Hemisphere, and Western Pacific in the middle (at the end) of the century. In contrast, maximum risk
increases from the other hazard models do not exceed the 5%-mark except in the North Indian Ocean.
There, climate change raises EAD values from CHAZ by 7.5% (6%) and IBTrACS_p by 21% (21%) in
2050 (2090), respectively. Only the results from STORM remain low due to known high-intensity
biases in the reference period hazard set as discussed in Sections 2.3 and 4.4. The North Indian Ocean
is furthermore the region where uncertainties in the climate-driven risk change are highest across all
hazard models. Additionally, median TC risk changes are lowest in the Southern Hemisphere over all
regions, including negative values for CHAZ and IBTrACS_p. In other words, climate-driven TC risk
decreases in these cases. Indeed, we find negative minima (ca. 0% to —1 % for all hazard models

and regions except for STORM in the Western Pacific (Fig. 5.1 g)).

Socio-economic development emerges as the predominant driver for TC risk increase, consistent
across all hazard models (refer to Fig. 5.1). This consistent pattern across models is due to the fact
that we utilized the same future socio-economic representation for each. Notably, any difference
between the hazard models stems primarily from their distinct present-day baseline. Specifically, the
median EAD changes driven by socio-economics are around 1 % to 2% by 2050. In regions like the
North Atlantic/Eastern Pacific and Western Pacific, this is roughly double the changes attributed to
climate change. However, in the North Indian Ocean, median values are higher: 2.5% to 3% (and
6% to 7 % by 2050 (2090), which is about four times the climate change contributions. Furthermore,
the uncertainty tied to socio-economic development is most pronounced in the Southern Hemisphere
across regions (with potential reasons discussed in Section 3.3). Finally, when considering the hazard
sets CHAZ, STORM, and IBTrACS_p, socio-economic development presents more uncertainty than
climate change. In contrast, for MIT-based calculations, climate change is the more uncertain risk

driver.

Next, we assess the total TC risk increase, factoring in both climate change and socio-economic
development. Notably, the total TC risk increase, as depicted in Figure 5.1 (total; right-most column),
reveals intricate interdependencies between these drivers, which exceeds a simple arithmetic sum
or the product of hazard and exposure as illustrated in Figure 5.1 (sum; inner right column) and
also discussed in Section 3.2.1. Contrarily, an excess non-linearity emerges when including climate
change applied to the hazard and socio-economic development in the exposure from the beginning,
defying the basic summation or multiplication of hazard and exposure components in isolation.

Median EAD raises by 0.9% (CHAZ) to 2.3% (MIT), 1.9% (STORM) to 5.2% (MIT), 1.2% (CHAZ,
IBTrACS_p) to 3.8% (MIT), and 1.4% (CHAZ, IBTrACS_p) to 3.8% (MIT) in the North Atlantic/Eastern
Pacific, North Indian Ocean, Southern Hemisphere, and Western Pacific by 2050. In all regions, the
median risk increase is highest for the MIT hazard, while the other three models tend to cluster
around similar values, with STORM producing slightly higher results in the Southern Hemisphere
and Western Pacific than CHAZ and IBTrACS_p. By the end of the century, the median risk increases
further, reaching levels that are approximately two to three times the increase in EAD estimated for
2050. Furthermore, maximum total EAD increases by 2090 span from 11% (CHAZ) to 263% (MIT),
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90% (CHAZ) to 393% (MIT), 23% (IBTrACS_p) to 148% (MIT), and 14% (CHAZ) to 103% (MIT) in
the North Atlantic/Eastern Pacific, North Indian Ocean, Southern Hemisphere, and Western Pacific
respectively, highlighting the significant uncertainty in these results. Note that we focus on total risk

increases as described in this last paragraph for the remainder of the study.

Figure 5.1: Drivers of future tropical cyclone risk change: comparison across hazard models. Relative change in
expected annual damage (EAD) by 2050 (left panels) and 2090 (right panels) due to climate change (CC), socio-economic
development (SOC), the product of CC and SOC calculated from the sum of their log values (sum) and both drivers
interacting (total) with respect to the historical baseline. The relative change EAD is reported for the four study regions
(North Atlantic/Eastern Pacific (AP), North Indian Ocean (I0), Southern Hemisphere (SH), and North Western Pacific
(WP)). Boxplots are shown for the four models MIT (blue), CHAZ (orange), STORM (green), IBTrACS_p (purple) and
display the interquartile range (IQR) for the uncertainty over all input factors (see Methods), while the whiskers extend to

1.5 times the IQR. More extreme points (outliers) are not shown. Note that STORM results are only available for 2050.

5.3.2 Uncertainty of future TC risk change: comparison across hazard models

To quantify uncertainty, we compute a probability distribution of results for each input factor
combination. Here, we analyze this output distribution of risk change estimates across the four

hazard models (Fig. 5.2). We present the main findings for uncertainties of future TC risk change,
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focusing on changes in EAD, consistent with the preceding section. For results of the 100-yr event,
which are comparable, readers are directed to Supplementary Figure C.2.

In essence, Figure 5.2 presents the probability density distributions of the total TC risk change,
derived from the same data as the boxplots (total) in Figure 5.1. We identify density peaks of EAD
change for CHAZ, STORM, and IBTrACS_p hazard sets in each region and both future periods around
1% to 3 %. The density distributions from the MIT model, however, peak at higher values, consistent
with the assessment of median total TC risk change from the previous section. Interestingly, when
considering both risk metrics - EAD (Fig. 5.2) and the 100-yr event (Fig. C.2) - we observe that their
density distributions peak at very similar values for each combination of region, year, and hazard
model (Supplementary Table C.1). This consistency suggests that socio-economic development is
the predominant driver for total TC risk change, influencing the magnitude and peak of the density
distribution. Consequently, the choice between the two risk metrics does not significantly affect this
outcome. Any differences between these metrics are predominantly shaped by the hazard, making
them secondary in this context.

Conversely, when examining the entire probability density distribution, the MIT results display a
notably broader distribution compared to the other three hazard sets, a finding consistent with results
from Figure 5.1. The width of a distribution can serve as an indication of its associated uncertainty.
Drawing from insights in the previous section, the width of the MIT-based distribution can be
interpreted as an imprint of the uncertainties associated with climate change as a more uncertain
risk driver. In contrast, the similar shapes of distributions from CHAZ, STORM, and IBTrACS p
models indicate socio-economic development as their main source of uncertainty, as corroborated by
Figure 5.1. Furthermore, we observe wider distributions for results in 2090 compared to 2050 for
all hazard models, related to increasing uncertainty in time. While this analysis provides insights
into the overarching uncertainty, a more detailed examination of individual input factors is essential.
In the following section, we explore these factors through a sensitivity analysis in detail. Finally, it
is worth noting that the shape of the distribution also bears the influence of the sample size used
in the uncertainty and sensitivity analysis, which is not identical across the hazard models in the
current setup. Typically, a more extensive sample size can amplify the peak density, reflecting a more

concentrated consensus among the data points.

5.3.3 Sensitivity of future TC risk change: comparison across hazard models

Sensitivity analysis helps identify and quantify the relative importance of individual input factors
for the output uncertainty of future tropical cyclone risk change estimates as described in the last
section. The model input factors and their parameter ranges are defined to capture the inherent
uncertainties in the different components related to the future TC hazard, exposure and vulnerability
representation. Here, we present first-order and total-order Sobol sensitivity indices (Sobol, 2001;
Saltelli et al., 2010), analogous to the sensitivity analyses of individual hazard models (MIT in
Section 3.2.2 and STORM in Section 4.3.2), to assess the impact of these factors on our TC risk
change calculations across the four hazard models. We note that not all hazard models encompass
all input factors, as described in Section 5.2.4. First-order sensitivity indices measure the effect of

variations in a single input factor, while total-order indices evaluate the cumulative effect, considering
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Figure 5.2: Uncertainty distribution of TC risk change: comparison across hazard models. Kernel density estimation
plots showcasing the uncertainty distribution of estimated relative change in expected annual damage (EAD) across study
regions (North Atlantic/Eastern Pacific (AP), North Indian Ocean (I0), Southern Hemisphere (SH), and North Western
Pacific (WP)) for the years 2050 and 2090. Each subplot represents a specific region and year combination, with different
models (MIT, CHAZ, STORM, IBTrACS_p) depicted in distinct colors. Note, the model STORM only provides data for 2050.
Each plot shows a normalized probability distribution with an integral sum of 1. The x-axis is truncated in some figures,

potentially influencing the interpretation of distribution tails, particularly for the MIT hazard-based results.

all factors and their potential interactions (Saltelli et al., 2008).

The dominant source of uncertainty for future TC risk changes varies when different hazard
models are used to calculate risk. In the MIT model-based analyses, the primary source of uncertainty
stems from the choice of GCM used in downscaling TC events sets (GCM) (Fig. 5.3 a), e) and
Section 3.2.2). Conversely, for all other hazard models, the SSP-based scaling of the exposure points
(SSP exposure) generally exhibits the largest sensitivity. Specifically, this holds for most results in the
Southern Hemisphere and Western Pacific for the CHAZ, STORM and IBTrACS_p and both future
periods. In the North Indian Ocean, sensitivity indices are highest for input factors related to the
hazard component and results in the North Atlantic/Eastern Pacific follow no consistent trend beyond
the primary observations mentioned. A detailed compilation of the most significant sensitivity indices

for future TC risk estimates can be found in Supplementary Table C.2.

The sensitivity analysis reveals several distinctive patterns. First, the GCM choice (GCM) is more
important in the North Atlantic/Eastern Pacific, North Indian Ocean, and Western Pacific than in
the Southern Hemisphere for the three hazard models (MIT, CHAZ, STORM), which encompass this
input factor. This pattern largely aligns with regions where uncertainties in climate change as a risk
driver exceed those from socio-economic development (see Fig. 5.1). Furthermore, the GCM choice
is more important for changes in EAD than in the 100-yr event. Second, for CHAZ model-based
sensitivity analyses, the moisture variable within the TCGI (TCGI) is mostly of equal importance for
the TC risk change uncertainty as the GCM choice (GCM) (Fig. 5.3 b), f)). Third, the variability

in event subsampling for baseline and future hazard sets (Event subsampling base, future) is most
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pronounced in the IBTrACS p-related result (Fig. 5.3 b), g)), in contrast to the other hazard models.

Next, we evaluate the total-order sensitivity indices (total effects) across the four hazard models.
Namely, total effects are notably increased for CHAZ hazard-based results in comparison to their
first-order indices, meaning that this model setup encompasses many interactions between input
factors (Supplementary Figure C.3). In contrast, total-order sensitivity indices broadly mirror the
ranking and distribution of the first-order indices for MIT- and STORM-related results as described
in Sections 3.2.2 and 4.3.2. Moreover, in the IBTrACS_p-based sensitivity analysis, total effects
include influences from the wind model choice (wind model), a factor that is nearly irrelevant in all
other hazard sets. Note that both the largest first- and total-order sensitivity indices are compiled in

Supplementary Table C.2.

Finally, we emphasize that sensitivity analysis is specific to the model setup; thus, sensitivity
indices are influenced by the choice of risk metric. To illustrate this, we show the implications
of assessing TC risk in absolute terms versus changes relative to a baseline. For absolute TC risk
estimates, the primary source of uncertainty across all hazard models is the input factor associated
with the vulnerability function (Vulnerability function midpoint), as depicted in Supplementary Figures
C.4 and C.5 and first mentioned in Section 3.2.2.

Figure 5.3: Sensitivity indices of future TC risk change: comparison across hazard models. First-order Sobol sensitivity
indices for future (2050, 2090) TC risk change calculated with the four models (MIT, CHAZ, STORM, IBTrACS_p), expressed
as %-change in expected annual damage (EAD; upper bar, lighter colors) and 100-yr event values (RP 100; lower bar, darker
colors) over the four study regions (North Atlantic/Eastern Pacific (AP), North Indian Ocean (IO), Southern Hemisphere
(SH), and North Western Pacific (WP)) and all input factors (different colors); Vulnerability function midpoint describes the
impact function; Wind model; GCM, SSP hazard, TCGI moisture variable, Event subsampling base, Event subsampling future
pertain to the hazard component; GDP model; SSP exposure, Exposure urban /rural weighting relate to the exposure. Note
that STORM results are only available for 2050.



76 CHAPTER 5. CROSS-MODEL SYNTHESIS AND REFLECTION

5.4 Discussion

Our results show that while both climate change and socio-economic development influence TC
risk changes, socio-economic factors are the predominant drivers of increased risk across all hazard
models. While studying these drivers in isolation provided distinct insights, their combined effects
are intricate, revealing non-trivial interactions. This suggests that merely summing or multiplying
their individual effects might not capture the full complexity of their combined impact on TC risk.
It underscores the importance of integrating both drivers from the onset in risk assessments to
ensure a comprehensive understanding. Moreover, the sensitivity analysis reveals varying sources of
uncertainty in TC risk assessments depending on the hazard model choice. In the MIT hazard-based
analysis, the choice of GCM dominates uncertainty, while results using the other hazard models
(CHAZ, STORM, IBTrACS_p) highlight the significance of SSP-based exposure scaling. Generally,
for high uncertainty surrounding climate change as a risk driver, input factors tied to the hazard
component become more influential. Conversely, in cases where socio-economic development

uncertainties prevail, input factors related to exposure take priority.

Beyond these general aspects, we delve into findings that are intrinsically linked to single hazard
models, examining subtleties in modelling approaches and their influence on risk assessment in
the following sections. Furthermore, we reflect on the structural nuances and development levels
of all three risk model components. Concluding this discussion, we relate our findings to the
different categories of uncertainty and reflect on their broader implications for risk modelling and

decision-making.

Hazard model-specific findings

In Chapter 3, we show that the choice of climate model dominates the output uncertainty for TC
risk estimates based on the MIT model (Emanuel et al., 2006, 2008). Moreover, we find a positive
relationship between the climate sensitivity of GCMs used to downscale TCs and the corresponding
increase in tropical cyclone risk (see Section 3.2.4). This increase is directly related to the scaling
of TC potential intensity with global warming (Emanuel, 2007). Additionally, this scaling serves
as a strong predictor for TC genesis potential indices (Emanuel and Nolan, 2004; Emanuel, 2010;
Rappin et al., 2010). These indices, in turn, influence TC hazard frequencies and intensities, which
are critical characteristics for assessing TC risk. However, from Chapter 3 alone, we lack the basis to
assess if this finding is generalizable beyond the MIT TC model.

The present study helps address this gap by investigating the role of climate sensitivity in CHAZ,
which is another statistical-dynamical model (Lee et al., 2018, 2020). Namely, we found no striking
relationship between transient climate response (TCR) as a measure of climate sensitivity and
changes in CHAZ-based TC risk estimates (Supplementary Figures C.6 and C.7) and CHAZ frequency
(Supplementary Figure C.8) and intensity changes (Supplementary Figure C.9). Therefore, we
conclude that the direct relationship between climate sensitivity and resulting hazard frequency and
intensity is a unique feature of the MIT model and not generalizable for all statistical-dynamical

models; at least not for statistical-dynamical models with a different genesis component. The MIT
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model applies a coupled ocean-atmosphere TC intensity model (CHIPS; Emanuel and Nolan, 2004)
driven along the TC tracks. The intensity model has a very high radial resolution of the TC core
and can resolve high-intensity TCs. Conversely, CHAZ employs an autoregressive linear statistical
model (Lee et al., 2016), incorporating monthly-averaged potential intensity, vertical wind shear,
and mid-level relative humidity as environmental predictors, along with a stochastic component
for added variability. Nonetheless, the linear methodology of CHAZ, applied to GCM output with a
typical resolution of around 50 km, is constrained by the limited representation of high-intensity
TCs in these climate models. This resolution, while sufficient for representing TCs, falls short in
accurately resolving their intensity (Davis, 2018). Consequently, using this GCM output in a linear
regression model like CHAZ leads to an underrepresentation of high-intensity TCs. Similarly, the
STORM model, despite utilizing high-resolution GCMs (up to 25 km resolution), encounters the same
limitation, as this resolution is still inadequate for accurately capturing the intensity of high-end
TCs (Bloemendaal et al., 2022). Hence, we suggest that the difference in the intensity models helps
explain the dissimilar importance of climate sensitivity for TC risk increases between the MIT and
CHAZ models. However, to fully comprehend the role of GCM’s climate sensitivity in TC hazard

modeling, further research is essential.

Moreover, we investigate the role of the two distinctly different moisture variables used in the
TCGI component of CHAZ, which modulate the resulting CHAZ hazard frequency (Lee et al., 2020).
Specifically, event sets generated using column-integral relative humidity (CRH, Tippett et al., 2011)
as a moisture variable show an increase in TC frequencies in a warming climate, whereas those based
on saturation deficit (SD, Camargo et al., 2014) indicate a decrease (Supplementary Figure C.8).
Despite this distinct divergence in TC frequencies, similar variations are not observed in the TC
risk changes when using CHAZ (Supplementary Figures C.6 and C.7). Furthermore, the sensitivity
indices for the TCGI variable are not the highest (Fig. 5.3). On the other hand, events generated
using both CRH and SD as moisture variables offer comparable TC risk change estimates, although
CRH-TCGI-based hazard sets generally exhibit higher maxima (Supplementary Figures C.6 and C.7).

This smaller impact of TCGI on risk estimates, in contrast to its evident role in hazard frequency,
can be attributed to CHAZ hazard intensity. In this aspect, the choice of GCM exerts a more substantial
influence than the TCGI moisture variable (Supplementary Figure C.9). Given these insights, we
argue that TCGI selection may be of secondary importance in a decision-critical context, especially
when socio-economic and exposure-related uncertainties are more pronounced. Nonetheless, the
use of both TCGI versions is advisable to avert possible blind spots in representing future TC risks. In
terms of model refinement, both the choice of TCGI and GCM remain critical aspects of epistemic

uncertainty that warrant further investigation.

Development levels of risk model components

We named the key influence of hazard-related input factors a representation of the maturity of TC
hazard modelling as a field in Chapter 3. Specifically, we interpreted the importance of the GCM
choice for MIT-based TC risk change estimates (Fig. 3.2) as the consequence of using a complex TC

hazard model with a wealth of model parameters informing future TC simulations. Here, we contrast
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this statement with results from the other hazard models of differing model structure and complexity.
Comparing results from both statistical-dynamical TC models (MIT and CHAZ) shows that the results
from the CHAZ model spread a notably narrower range of outputs than MIT-based values. This seems
particularly surprising given that CHAZ includes an additional input factor related to the hazard
component - the TCGI moisture variable - as described in the previous paragraph. This additional
factor is not present in the MIT model. Given the inclusion of this additional factor, one might
expect a corresponding increase in the model’s uncertainty. Conversely, for CHAZ-based simulation,
the SSP-based exposure scaling is often the most influential input factor (Fig. 5.3, Supplementary
Table C.2). Furthermore, socio-economic development is the stronger and more uncertain risk
driver than climate change in the CHAZ world (Fig. 5.1). Thus, we propose that uncertainty is not
solely determined by model complexity but also by how the uncertainty of hazard-related factors
compares to that of exposure-related variables. In essence, the complexity of the hazard model
becomes secondary if uncertainties stemming from socio-economic development outweigh those

from hazard-related inputs.

Furthermore, in Chapter 3, we reflect on the state of TC hazard modelling in contrast to exposure
and vulnerability. Here, we re-examine this aspect, including the newest insights from this study. We
reaffirm that the availability of TC hazard models in risk assessment surpasses that of models for
exposure and vulnerability. Moreover, in Chapter 3, we initially hypothesized that comparably low
sensitivity indices for exposure and vulnerability (Fig. 3.2) may simply result from a limited capability
to simulate socio-economic development and changing vulnerabilities. However, the present study
reveals that the results from the two statistical-dynamical hazard models of comparable complexity
and structure, MIT and CHAZ, lead to different sensitivity analysis results in an unchanged setup for
exposure and vulnerability (Fig. 5.3). This finding undermines the initial hypothesis proposed solely
on sensitivity analysis for MIT-based results. As previously discussed, we propose that the relative
magnitude of uncertainty associated with each input component of the risk model is also relevant for

the interpretation of sensitivity analysis results.

Classification of uncertainties and their implications

Most of the input factors defined for the uncertainty and sensitivity analysis of our study represent a
form of epistemic uncertainty, which can further be split up into scenario and projection uncertainty
(Hawkins and Sutton, 2009; Parker, 2010; Knutti, 2018). Scenario uncertainty in the hazard
component described by the varying hazard emission scenarios (SSP hazard) exhibits a minor
influence on the output uncertainty of TC risk change estimates across all models. In contrast,
scenario uncertainty of the exposure described by the SSP-based scaling factors for GDP growth
(SSP exposure) is the key source of uncertainty across a wide range of outputs (Section 5.3.3).
Projection uncertainty can be evaluated on two levels. First, across TC hazard models, in which
case the difference between model outputs from the four models constitutes a form of TC model (or
projection) uncertainty. Second, within each hazard model, the projection uncertainty is substantial
for hazard-related input factors, particularly the GCM choice (GCM) and TCGI formulation (TCGI

moisture variable). Contrarily, for the exposure component, projection uncertainty related to the GDP
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model choice (GDP model) is small.

Aleatory uncertainty is only represented in the event subsampling of the hazard sets in this study.
In our sensitivity analysis and as described above, we observe divergent responses to subsampling
(Event subsampling base /future) across different hazard models (Fig. 5.3, Supplementary Table C.2).
Specifically, the statistical-dynamical models MIT and CHAZ show no sensitivity to event subsam-
pling, suggesting that they may inherently capture natural variability through their physics-based
methodologies and the generation of new event sets for future climates. In contrast, the purely
statistical models, IBTrACS and STORM, exhibited sensitivity to subsampling. This indicates that
these models, which have the historical track sets at their foundation, may require the inclusion of a
subsampling step to adequately represent aleatory uncertainty. However, it is important to note that

further validation is needed to strengthen this conclusion.

The different types of uncertainty vary in their reducibility. Our study reveals that projection
uncertainty is especially significant in the hazard component and is, theoretically, reducible through
model refinement, enhanced data collection, and focused research (Walker et al., 2003; Curry and
Webster, 2011; Bradley and Steele, 2015; Knutti, 2018). Given its substantial impact and potential
for reduction, we advocate prioritizing research efforts in hazard modelling to minimize this specific
form of uncertainty. However, the less available nature of exposure and vulnerability modelling
in risk assessments offers immediate opportunities for impactful research, as these areas have a
pronounced influence on results.

On the other hand, scenario uncertainty is inherently tied to human choices and is therefore
not reducible. In the context of this specific study, this form of uncertainty may hold secondary
importance in hazard modeling due to its observed low sensitivity. However, it becomes critically
relevant from a decision-making standpoint when evaluating exposure-related scenario uncertainty.
Although the uncertainty itself is immutable, it can serve as an incentive for directing human decisions
toward scenarios of minimal risk. In essence, the prominence of scenario uncertainty in the exposure
component may, for instance in a policy context, act as a reference to minimize TC risks by aligning
with scenarios that yield the least hazardous outcomes.

Although aleatory uncertainty is by its very nature non-reducible, it is crucial to quantify it, as
demonstrated by the event subsampling in this study or the separation of ENSO-modulated patterns
from general weather variations, as outlined in Emanuel et al. (2012). Such quantification aids in
distinguishing aleatory uncertainty from epistemic uncertainty, thereby guiding research efforts more

effectively.

Normative uncertainty emerges from the many choices we make in the course of TC risk assessment
and cannot be quantified in the same way as aleatory and epistemic uncertainty (Bradley and
Drechsler, 2014; Bradley and Steele, 2015; Mayer et al., 2017). However, considering aspects of
normative uncertainty has multi-faceted implications for TC risk assessment.

Regarding scenario uncertainty, it is vital to consider a broad range of possible scenarios to avoid
blind spots in risk assessment. Unlike in policy-making, where scenarios often represent a favored
developmental path, excluding specific scenarios a priori in a risk setting could result in either under-
or overestimation of risk. Furthermore, caution is also advised when weighting these scenarios, as

improper weighting could exacerbate the risk of over- or underestimation.
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To address projection uncertainty, fitness for purpose is key (Parker, 2010). Different sectors
and stakeholders require varied model outputs. Given practical constraints, it is often necessary to
select specific TC hazard models early in the risk assessment process. However, this model choice
is very important for the resulting output, as shown in this study. To best tailor risk assessments,
we recommend a bottom-up approach that incorporates stakeholder needs and helps guide model
choices accordingly.

In TC risk assessment, including the setup of this study, numerous choices are made that represent
forms of normative uncertainty. These decisions inevitably introduce blind spots. It is crucial to be
aware of these limitations when interpreting results. These choices condition our findings, and care

must be exercised in extrapolating these context-specific insights to broader, real-world implications.

In conclusion, understanding the different types of uncertainties — aleatory, epistemic, and
normative — is vital for both risk modeling and informed decision-making. Linking these types
of uncertainty to systematic uncertainty and sensitivity quantification across different TC hazard
models, this study offers a nuanced view of TC risk assessment, which can guide future research
and provide decision-critical insights. Providing this type of guidance is particularly important for
emerging new fields like physical climate risk disclosure (Fiedler et al., 2021; Arribas et al., 2022) or
changing traditional sectors like insurance. In both cases, rules by which climate risk science can be
used appropriately to inform climate risk assessment have not yet been developed or are changing.
As we move forward, it is essential to continually refine our models, choose models according to
their application, and be critically aware of the normative assumptions that underlie our assessments.

Ultimately, we aim to balance risk assessments that are both accurate and actionable.
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Conclusions and outlook

The powerful impact of tropical cyclones disrupts societies in many coastal regions in the tropics
and subtropics. In a warming climate and with socio-economic development, tropical cyclone risks
will evolve, entailing substantial uncertainties. Consequently, the demand for robust and reliable
tropical cyclone risk assessments is increasing, both in emerging and changing traditional sectors.
In response, the overarching goal of this thesis is to identify and systematically quantify the crucial
sources of uncertainty in global tropical cyclone risk assessments, thereby enhancing the value of
these assessments for risk analysis, research, and decision-making. First, it provides an in-depth
evaluation of present-day, global tropical cyclone hazard datasets, highlighting the importance of
hazard model choice for loss estimation (Aim I). This guides stakeholders in hazard set choice,
thereby strengthening risk assessment reliability. Second, it systematically investigates the key
drivers and uncertainties in future global tropical cyclone risks, identifying the most influential
model inputs (Aim II). This enhances both the transparency and depth of risk assessments. Third,
synthesizing uncertainty and sensitivity analyses across multiple hazard models and evaluating these
by uncertainty types (Aim III) offers a structured and comprehensive perspective to navigate the
implications and reducibility of uncertainties. Collectively, these contributions advance tropical
cyclone risk assessment, promoting better-informed decision-making and presenting avenues for

model improvement.

In this chapter, I conclude by highlighting the central findings and implications of the thesis and
by providing an outlook for future research. The chapter is organized as follows. I first present
the central findings emerging from Chapters 2, 3, 4, and 5 in Section 6.1. Section 6.2 presents the
implications of the thesis findings for broader scientific and public debates. I then offer suggestions

for further research in Section 6.3 before ending with some closing remarks in Section 6.4.

6.1 Central findings

Synthetic TC models are a vital tool for tropical cyclone (TC) risk assessment. They are specifically
designed to overcome the spatial and temporal limitations imposed by historical TC observation,
which are inadequate for reliable risk assessment. These models have all been evaluated and used in
various contexts to study TC climatology or perform risk assessment in specific contexts. Prior to

this thesis, they have never been directly compared as input hazard datasets in catastrophe models
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for TC risk assessment and loss estimation. Nor have uncertainties and sensitivities throughout the
entire TC risk model been assessed and quantified systematically. The central finding of both types of
analysis is that the choice of TC model strongly influences risk assessment results. Here, I review key

characteristics of the four synthetic TC models and how they shape the results of TC risk assessments.

Probabilistic IBTrACS (IBTrACS_p), obtained from the CLIMADA platform (Aznar-Siguan and
Bresch, 2019) by a random-walk process applied to historical observations (Kleppek et al., 2008;
Gettelman et al., 2018) is a simple, computationally efficient and open-source TC dataset, making it
well-suited for broad, high-level TC risk assessments. However, as discussed in Chapter 2, the dataset
is limited by a notable low-intensity bias, which compromises its utility in evaluating the rarer, more
severe (tail) risks associated with TC events. Furthermore, its climate-conditioned version used for
future TC risk estimates relies exclusively on CMIP5-based data, which is less up-to-date compared
to other hazard sets evaluated in this study (Chapter 5).

The openly available STORM datasets use a statistical modelling approach and encompass 10,000
years’ worth of TC data for both historical and future time periods (Bloemendaal et al., 2020b,
2022). The hazard sets are thus well-suited for a broad range of global-scale applications but have
certain limitations linked to their statistical modelling approach. Specifically, in Chapter 2, we found
that the historical STORM hazard set overestimates TC intensity in the Bay of Bengal, a bias not
present in its future dataset. This discrepancy in biases between historical and future datasets results
in projections of decreasing wind speeds in this basin (Chapter 4), which contradicts prevailing
literature forecasting increased future TC wind speeds (Knutson et al., 2020). Moreover, in Chapter 5,
we describe that STORM-based future TC risk change estimates are sensitive to subsampling, likely
due to the future event sets utilizing the same track set as their historical counterparts. Besides, the
future event sets of STORM are limited to a single greenhouse gas emission scenario (SSP585) and
extend only up to 2050, making them less comprehensive compared to other datasets in our study.

The MIT model follows a statistical-dynamical approach (Emanuel et al., 2006; Emanuel, 2008),
effectively balancing physics-based modelling with computational efficiency and versatile applications.
Although not fully open source, its datasets are openly available for research. Risk estimates using the
MIT hazard sets stand out as the most uncertain compared across hazard sets and studies. Specifically,
in Chapter 2, we reported the highest uncertainties for EAD and 1000-yr event estimates from the
MIT model, and in Chapter 5, we highlighted TC risk increases from MIT-based simulations spanning
the widest range of outputs. Unlike the other models, which depend on historical tracks and statistics
to varying degrees, the MIT model employs a distinct statistical-dynamical approach. The result
is a broad range of future TC risk estimates, which are notably influenced by the global climate
models (GCMs) used for downscaling. Significantly, we discovered a striking relationship between
the climate sensitivity of these GCMs and projected TC risk increases (Chapter 3). This relationship
is unique to the MIT model (Chapter 5). As a result, in MIT-based estimates only, climate change
introduces higher uncertainty for future risk estimates than socio-economic variables (Chapter 5).

CHAZ, another statistical-dynamical model, downscales TC tracks from climate model outputs
and reanalyses (Lee et al., 2018, 2020), yielding an extensive TC track catalog akin to the other
models, suitable for many applications. Like the MIT model, CHAZ is not fully open, with an openly

accessible source code and datasets available for research. However, it diverges from the MIT model
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in its genesis and intensity modelling approach, necessitating a frequency bias correction based on
historical IBTrACS records (Knapp et al., 2010). CHAZ also outputs fewer variables, demanding
estimations for parameters like the radius of maximum wind or central pressure. Consequently, CHAZ
requires more post-processing than other models. In Chapter 2, we found that CHAZ consistently
estimates higher losses from frequent events than other hazard sets. Yet, in other risk metrics, its
performance aligns with the other models. Interestingly, the uncertainty analysis of CHAZ more
closely aligns with STORM or IBTrACS_p results than with MIT estimates (Chapter 5), likely due to
its distinct intensity model. The sensitivity analysis underscores the significance of GCM choice and
CHAZ-specific tropical cyclone genesis index (TCGI) moisture variables alongside socio-economic
factors. Interestingly, even though the TCGI moisture variable is a strong modulator for hazard

frequency (Lee et al., 2020), it does not affect risk estimates to the same extent.

The synthetic track sets discussed in the preceding paragraphs serve as input hazard datasets
in risk models. Translating this hazard into risk also requires information on social and economic
variables (Box 1.1). Throughout this thesis, we thus highlight the importance of exposure and
vulnerability for TC risk estimates.

In Chapter 2, we demonstrate the sensitivity of loss estimates to exposure by calculating results
on a normalized exposure layer without the spatial heterogeneity of asset values on land. These
results generally yield smaller intermodel differences than the ones computed on a spatially explicit
representation of asset exposure values (Eberenz et al., 2020). This underscores the important
role that the exposure component plays in risk assessments, a significance further highlighted in
our subsequent analysis of future TC risk drivers. Socio-economic development, which pertains to
exposure, consistently emerges as a stronger driver for future TC risk increase than climate change,
as shown in Chapters 3, 4, and 5. It is, furthermore, the more uncertain risk driver compared to
climate change for estimates based on three out of four hazard sets (Chapters 4 and 5). Consequently,
a significant portion of the output uncertainty in future TC risk change estimates is attributable to the
exposure scaling based on the Shared Socioeconomic Pathways (SSPs). Ultimately, this uncertainty
is best characterized as scenario uncertainty, as discussed in Chapter 5. This means it is intrinsically
linked to human decisions and, as such, cannot be reduced. Therefore, for risk assessments, it is
crucial to encompass a broad range of socio-economic development scenarios to eliminate potential
blind spots. Importantly, while working with diverse TC hazard sets can be challenging, incorporating
a varied set of future representations is not computationally demanding.

Compared to exposure and especially hazard modelling, vulnerability modelling is less advanced
in risk assessment. Within the scope of this thesis, potential future changes in vulnerability were
not considered due to the current lack of readily accessible, geospatially explicit data for calibration
and validation, which in turn limits the current modeling competencies in the field. Instead, we
assessed uncertainties pertaining to regionally-calibrated impact functions (Eberenz et al., 2021)
by varying their slope parameter. The extent of this variation was informed by the interquartile
range of calibration results, which was quite extensive. Despite the substantial uncertainty and
limited capabilities in vulnerability modelling, our findings in Chapters 3, 4, and 5 revealed less
uncertainty associated with the impact functions than initially anticipated. This can be explained

by our choice of risk metric: By representing TC risk change relative to a present-day baseline as
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opposed to absolute values, the impact function primarily serves as a key to translate hazard intensity
into corresponding damage (Chapters 3, 4, and 5). In this setting, it should not be interpreted as an

accurate representation of vulnerability.

This thesis demonstrates that quantitative estimates of uncertainty and sensitivity to model
parameters significantly enhance the value of TC risk assessments, providing a more comprehensive
representation of possible future outputs. Examining the distribution of outputs provides a valuable
starting point to inform decision-making and model development. In this thesis, we analyzed climate
change and socio-economic development as key drivers of future TC risk (Chapters 3.2.1, 4.3.1, and
5.3.1), primarily studying the magnitude of the risk change. We also quantified the uncertainties of
the total risk change of both drivers combined (Chapters 3.2.3 and 5.3.2). Discerning these roles of
magnitude and uncertainty in TC risk change provides valuable insights, aiding in interpreting the
implications of subsequent uncertainty and sensitivity analyses. While the mathematical concepts
are straightforward - where magnitude often corresponds to the mode (peak) of probability density
distributions and uncertainty affects the distribution’s width (spread or variance) (Saltelli et al.,
2008; Pianosi et al., 2016; Kropf et al., 2022) - grasping their practical implications is important
for areas such as model refinement and decision-making. When prioritizing best estimates and
central distribution values, the dominant driver takes priority, while uncertainties become secondary.
Conversely, in analyzing extremes or in efforts to understand and reduce uncertainties, the significance
of the central peak diminishes relative to uncertainty. This nuanced understanding is essential for
stakeholders to make informed decisions based on model outputs and for model developers to
prioritize research efforts.

Furthermore, the use of uncertainty and sensitivity analysis in this thesis establishes a necessary
foundation for comparing future TC risk estimates across different hazard sets (Chapter 5). Without
this framing, a meaningful comparison would be unfeasible due to the absence of a shared baseline
among the various hazard models under consideration. Still, the outcomes of such uncertainty and
sensitivity analyses are closely tied to the respective model setup and warrant caution in interpretation
and extrapolation beyond the model boundaries. In Chapter 5, I thus illustrated how relating the
outcomes of uncertainty and sensitivity quantification to aleatory, epistemic and normative types
of uncertainty can help translate results into actionable information beyond the model setup. For
example, this structured approach may help identify reducible sources of uncertainty and thereby
guide research efforts.

In conclusion, all these aspects of uncertainty and sensitivity analysis enable better-informed

decision-making and offer a rich context for future research efforts.

6.2 Implications

Tropical cyclones are a classical example of a natural hazard. They are complex, large-scale, extreme
weather events with some level of predictability but notable uncertainties. Their potentially devastat-
ing impacts constitute a form of tail risk and thus pose a particular modelling challenge. Nevertheless,
there is a robust body of scientific knowledge and understanding of TCs, with multiple hazard models

available for their representation. These models can be employed within event-based, probabilistic
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risk modeling frameworks like CLIMADA (Aznar-Siguan and Bresch, 2019). In this thesis, I have
addressed issues of uncertainties in TC risk assessment with a particular emphasis on hazard model
choice. Furthermore, I have made an effort to translate the results of my studies, which are inherently
bound to the scope of the study setup, into more tangible and actionable findings. Specifically, I
conclude Chapter 2 with guidance on TC track set choice depending on the application. Chapters 3
and 4 illustrate the enhanced value of climate risk assessments when uncertainty and sensitivity to
model parameters are quantitatively estimated. Finally, Chapter 5 provides a structured approach
to navigate the quantitative uncertainty and sensitivity output from the perspective of different
classes of uncertainty, helping to assess the reducibility of these uncertainties. These contributions
collectively enable better-informed decision-making and offer a rich context for future research
efforts. While this thesis focuses on TC risk assessments, such findings have implications for the

supply and demand of reliable weather and climate risk information more generally.

In recent years, catastrophe modelling has expanded beyond its traditional realm in the (re-)insurance
industry to serve the broader global financial market. An increasing number of consultancies, finan-
cial technology firms, data providers, and investment advisory groups now offer information about
localized physical climate risks, entering a technology arms race among climate services providers
(Keenan, 2019; Condon, 2023). However, as these companies claim to employ methods, models, and
data that are superior and more extensive than those of their competitors, the proprietary nature of
their products introduces significant challenges, including a lack of transparency and accessibility,
for comparison and evaluation (Keenan, 2019; Arribas et al., 2022; Condon, 2023).

Chapter 2 in this thesis presents an intercomparison of the most influential, academically available
global tropical cyclone track sets at the impact level, serving as a valuable benchmark for the analysis of
other TC models. The insights and methods of this chapter may act as a template for intercomparison
studies across diverse hazard models in the impact domain. Moreover, the chapter casts a critical
lens on traditional hazard models prevalent in the (re-)insurance industry, which predominantly
depend on historical data. Such data is a poor guide for today’s TC risk due to its temporal and
spatial limitations and varying quality. In addition, assuming stationary statistics is problematic for
weather-related hazards like TCs, already affected by climate change, especially concerning rare,
high-impact tail events (Knutson et al., 2019). Therefore, the findings and approach outlined in
Chapter 2 not only contribute to the enhancement of model comparison and evaluation but also
provide a critical perspective on the limitations and challenges associated with traditional modeling
approaches in the industry.

Given these considerations, Chapter 2 provides a transparent and accessible framework that
counters the proprietary nature of private models, addressing the significant challenges of comparison

and evaluation faced by the increasing number of companies entering the climate services sector.

While the private sector is experiencing a surge in demand for dependable climate risk assessments,
driven by increasing pressures from investors, underwriters, and policy initiatives, there is a noticeable
lack of capacity within the sector to critically evaluate the quality and reliability of available climate
service products. This need for dependable assessments is further intensified by the growing push
towards transparency and responsibility regarding climate-related risks from global networks and

regulatory bodies like the Network for Greening the Financial System (NGFS), European Commission,
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and the Financial Stability Board’s Task Force on Climate-Related Financial Disclosures (TCFD).
These entities are crafting systems and guidelines for measuring and reporting climate risks (Keenan,
2019).

Despite these advancements, the private sector often finds itself ill-equipped to adequately assess
and utilize these climate service products. Notably, assessing the suitability of climate projections
as used by many climate analytics firms for applications in financial risk analysis, management
and disclosure, requires training and knowledge most of these companies lack. Consequently, such
companies may overstate the capabilities and suitability of climate model output for projections at
fine geographic scales and in short-term forecasts, both crucial for informed business decision-making
(Fiedler et al., 2021). Moreover, the efforts of regulatory bodies to establish standards for measuring
and reporting are still developing (Fiedler et al., 2021). The physical-risk scores produced by various
commercial providers, each developing their own firm-level indicators of physical climate risk, diverge
substantially (Hain et al., 2022).

This thesis exemplifies what is needed to build the capacity to critically evaluate the quality and
reliability of climate service products; a role that Fiedler et al. (2021) termed ’climate translators".
In Chapter 2, we translate differences in loss estimates derived from various TC hazard models
into guidance for hazard model choice, thereby assisting risk analysts who may lack an in-depth
understanding of each model’s intricate workings. In Chapters 3, 4, and 5, we communicate the effect
of climate change and socio-economic development on future risk increase, including a systematic
assessment of uncertainties along the entire modelling chain. This open and structured approach is
crucial to limit over- or underestimation of risks. It helps navigate a broad space of future outcomes
and provides a more transparent basis to evaluate climate risk assessments. For example, it could

serve as a starting point in the design of robust physical risk scores, guiding financial decision-making.

The value chain of emerging climate service providers extends from public institutions - re-
sponsible for collecting weather data and operating climate models on supercomputers - to private
consultancies that assess and communicate localized risk (Condon, 2023). These risk assessments
significantly influence the economy, affecting equity capital allocation, insurance premiums, housing
prices, and thus, leading to demographic changes (Elliott, 2021). They further impact municipal
bond ratings, influencing the prioritization of infrastructure projects in specific neighborhoods (Cox,
2022). Given this influence, Condon (2023) urges increased investment in public climate risk assess-
ment resources to minimize reliance on private-party risk assessment for public-relevant decisions.
Importantly, risk assessments that lack a solid scientific basis can lead to maladaptation across the
economy (Nissan et al., 2019; Keenan, 2019; Fiedler et al., 2021; Condon, 2023), underscoring
the critical need for rigorous, scientifically validated assessments. Unreliable assessments not only
misguide investments and policy planning but can also inadvertently exacerbate vulnerabilities and
economic disparities in regions prone to tropical cyclones and other hazards (Schipper, 2020).

This thesis, while not originally designed to address this specific issue, makes timely contributions
to enhance public sector capabilities in climate risk assessment. By employing an open scientific
framework for tropical cyclone risk assessment and using data that often transitions from academia

to the private sector, the thesis supports capacity-building for public climate services. It advances
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open-source risk modeling and identifies crucial knowledge gaps. Furthermore, by incorporating
systematic uncertainty quantification, the thesis strengthens the reliability and robustness of public
climate risk assessments. It provides recommendations for research prioritization and uncertainty
reduction and underlines the urgent need for increased public resources for climate risk assessment,

aligning with the advocacy of Condon (2023).

This thesis, positioned in the scientific community but with points of contact to public and
private stakeholders, offers insights with implications for the field of weather and climate risk science
itself. In this thesis, I often motivate my work by highlighting its implications for stakeholders in
decision-making positions. At the same time, I caution risk analysts to follow principles of fitness
for purpose (Parker, 2010) when selecting TC hazard models or designing study setups. While my
thesis can make valuable contributions to large-scale, big-picture type of questions, it is not apt to
answer questions at the very local scale. But the impacts of global climate change manifest at the
local scale and differ according to the particularities of this localness (Shepherd and Sobel, 2020).
There is thus a growing consensus in the scientific community to include ’bottom-up‘ approaches
and storylines for robust, localized, actionable science (e.g., Shepherd and Sobel, 2020; Ciullo et al.,
2021; Pitman et al., 2022; Ranger et al., 2022; Sobel, 2021). For such approaches to be successful, a

strong and direct exchange with stakeholders is needed.

Additionally, untapped collaborative opportunities exist between weather and climate risk sci-
ence and the (re-)insurance industry. Such partnerships are important for understanding the
(re-)insurance sector’s specific needs, thus helping build models and generate scientific contributions
that meet the stakeholders’ needs. On the other hand, accessing data on exposure and vulnerability
currently proprietary to the industry and limited in scientific literature would allow for refining mod-
els and hypotheses to align with real-world scenarios, enhancing their accuracy and relevance. While
this application is outlined for collaboration with the (re-)insurance industry, stronger interaction
with any stakeholder would likely yield comparable improvements in climate risk assessments for
respective applications. Ultimately, fostering these collaborative efforts can significantly enhance
the precision and utility of climate risk assessments, paving the way for fruitful future research and

collaboration.

The preceding outline of implications is non-exhaustive, and the insights derived from this thesis
may find applications in various other fields too. For example, enhanced reliability and precision
of tropical cyclone risk assessments bear implications for public policy, disaster response strategies,
and community engagement initiatives. Policymakers may leverage these refined assessments
to devise informed, resilient urban planning and infrastructure investment strategies in cyclone-
prone areas. Similarly, agencies responsible for disaster preparedness and response can utilize this
data for efficient resource allocation, improved readiness, and the development of impact-based
warnings, ultimately safeguarding communities and economies from the devastating impacts of
tropical cyclones. The findings also serve as a valuable resource for international development
and humanitarian organizations, facilitating strategic planning and resource allocation for climate
monitoring and disaster management. Lastly, the thesis opens new avenues for academic exploration

and research, some of which I detail in the next section.
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6.3 Future research and outlook

Understanding limitations in current TC risk assessment methodologies and the study setup of this
thesis is essential, as it paves the way for future research endeavors. In this section, I discuss themes
emerging from this thesis that need further investigation. These encompass the need for explicit
representation of TC sub-hazards and adoption of a multi-hazard approach, providing a holistic
understanding of the intertwined risks posed by TC and other hazards. Exploration of alternative
exposure representations is also important, as traditional metrics may fall short in capturing the di-
verse vulnerabilities across various communities and settings. Additionally, incorporating philosophy
of science and decision theory can enhance decision-making processes under uncertainty, offering a

more informed and rational framework for TC risk management.

A prevalent limitation in most global-scale TC risk assessments - including this thesis - is the
sole consideration of wind as the primary driver of impacts, whereas actual damages arise from a
combination of rainfall-driven floods, storm surges, and direct wind effects. Therefore, traditional
risk assessment methods are likely to underestimate the possible impact. For example, Hurricane
Katrina (2005) was classified as a Category 3 at landfall with wind speeds of around 55ms~" but its
8.6 m storm surge caused widespread levee failure around New Orleans (LA), resulting in over 1800
casualties and 125 billion USD in damage, making it the costliest U.S. TC to date (NOAA, 2021).

Recent research efforts have focused on a more detailed hurricane hazard risk communication
(Bloemendaal et al., 2021) and include advances in the explicit representation of sub-hazards (e.g.,
Frieler et al., 2023). Particularly, TC sub-hazard risk assessment has seen much progress in the field of
compound flooding (e.g., Gori et al., 2020, 2022). Recent studies in this field primarily aim to either
characterize the occurrence of compound flooding events or quantify their impact on flood hazards.
Techniques like Bayesian networks, application of copulas, and bivariate extreme value distributions
have been employed to analyze the statistical dependence between storm surge occurrences, high
river discharge, and precipitation (Zheng et al., 2014; Sebastian et al., 2017; Couasnon et al., 2018;
Wu et al., 2018; Moftakhari et al., 2019). The impact of correlated extremes on flood depth or
extent has been assessed through various methods, including storm event reconstruction, synthetic
scenarios, and compound return period estimation (Ray et al., 2011; Torres et al., 2015; Kumbier
et al., 2018; Silva-Araya et al., 2018; Bilskie and Hagen, 2018; Herdman et al., 2018; Khanal et al.,
2018; Moftakhari et al., 2019; Orton et al., 2020). Notably, a study by Bates et al. (2020) introduced
a comprehensive multi-peril flood risk analysis for the conterminous US, considering pluvial, fluvial,
and coastal flooding. For the first time, flood risks from all major sources are considered within the
same framework on the national scale for both current and future climate conditions.

Currently, there is a gap in comprehensive, global-scale studies integrating torrential rain, storm
surges, and wind to quantify cumulative sub-hazard impacts. The absence of such research is likely
due to exhaustive computational costs and a lack of detailed data, with reported damages often not
delineated by sub-hazard, as seen in sources like (e.g., EM-DAT Guha-Sapir, 2023). To address this
challenge, I propose two novel approaches.

First, a physics-based, local-scale approach for advancing TC sub-hazard risk assessment, which is

feasible and meaningful at the local scale despite the computational intensity of probabilistic analyses.
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This approach utilizes synthetic TC tracks simulated for current and future climates (Emanuel et al.,
2006; Emanuel, 2008) to derive wind hazard footprints (Emanuel and Rotunno, 2011), generate TC
rainfall data (TCR, Feldmann et al., 2019) and drive a storm surge model (Geoclaw, Mandli et al.,
2016). Precipitation fields and storm surge heights can be translated into inundation levels using a
hydrodynamic model (LISFLOOD-FE Bates et al., 2013). A key open question is determining the
optimal method for integrating TC wind and flood hazard components to accurately assess total
impacts. We may combine them before the impact calculation using a hazard index approach; during
the impact calculation through multidimensional, multivariate impact functions, for example, using a
Bayesian framework for univariate and multivariate non-stationary risk analyses; or after the impact
calculation in an actuarial approach.

Second, a more simplified representation at the global scale enables the calibration of TC
impact functions for sub-hazard risk assessment, using historical TC records and a damage database.
Windfields and rainfall data for each TC are extracted from IBTrACS records (Knapp et al., 2010) and
ERA-5 rainfall reanalysis respectively, providing two hazard intensity values: maximum sustained
wind speed and precipitation per location and time step. This data allows the calibration of idealized
impact functions against reported damages (analogous to Eberenz et al., 2021), with the calibration
process optimized for combined rain- and wind-driven TC impacts. This methodology can also be

expanded to include surge heights for a refined TC sub-hazard risk assessment.

The high-resolution, local-scale approach helps assess joint impacts of TC rainfall, storm surges,
and wind impacts, aiding urban planners, emergency officials, and policymakers in disaster risk
reduction and climate adaptation. Meanwhile, the simplified global-scale approximation of TC
sub-hazard risk supports organizations engaged in global disaster risk reduction and international
development. Collectively, these approaches may inform decision-making, promote resilience in
vulnerable areas, and contribute to the establishment of global risk management standards and

policies.

As with most high-impact events, TC damages emerge from multiple drivers and factors acting
together on various temporal and spatial scales (Zscheischler et al., 2018). This is not limited to TC
sub-hazards as described above but includes interactions with other hazards, leading to multi-hazard
and compound risks.

In recent years, we have seen a few powerful examples illustrating the challenge of TC risk
assessment in a multi-risk and compound event setting. Tropical Cyclone Amphan (2020) struck
amidst the global COVID-19 pandemic, amplifying existing evacuation and relief challenges due to
obligatory health protocols (Meng et al., 2023). It concurrently affected regions already vulnerable
due to pre-existing issues like poverty and limited infrastructure, while also inducing significant storm
surges and rainfall, thereby exacerbating flooding in low-lying areas (Mitchell et al., 2022). Similarly,
Tropical Cyclone Hagibis (2019), characterized by rapid intensification and a vast size, impacted
regions previously affected by Typhoon Faxai, thereby compounding existing damages and recovery
challenges while also inflicting broad economic and infrastructural damage (Li and Otto, 2022).
Meanwhile, Tropical Cyclone Idai (2019) unleashed a devastating combination of strong winds,

storm surges, and flooding, intensified by major river overflows in regions with dense populations
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in low-lying areas, leading to profound immediate and long-term impacts on local economies and
livelihoods. (Eilander et al., 2023; Williamson et al., 2023).

Various concepts have been developed to address this multifaceted nature of risk. For instance,
multi-layer single-hazard risk assessment combines risks from different hazards assumed to be
independent (Fleming et al., 2016; Zschau, 2017). Another approach involves evaluating interactions
between distinct hazards, a practice known as multi-hazard risk assessment (Gill and Malamud,
2014, 2016; de Ruiter et al., 2020; Ward et al., 2022). Additionally, the concept of compound events
and risks has been introduced to encompass multiple drivers and hazards that jointly contribute
to societal or environmental risk, (Zscheischler et al., 2018; Hillier et al., 2020). These concepts
collectively offer a broader framework for understanding and managing the intricate risks associated
with tropical cyclones and other high-impact events.

Researchers can utilize the aforementioned concepts to analyze past events, such as Tropical
Cyclones Amphan (2020), Hagibis (2019), and Idai (2019), studying the dynamics and interactions
of multiple hazards and risks associated with each. An alternative methodology is storylines, where
researchers design bottom-up narratives of specific, physically plausible events (Shepherd et al.,
2018). This strategy elucidates the numerous factors and sequential progression of compound events,
providing a clearer and more tangible understanding of their unfolding and impacts. Furthermore, by
adopting a forward-looking multi-hazard perspective (e.g., as suggested in Stalhandske et al., 2023),
researchers can better anticipate the likelihood of future compound events and identify regions that
are particularly susceptible. This proactive approach facilitates informed planning and risk mitigation

efforts in areas most prone to these complex and multifaceted events.

In this thesis, impacts and risks are quantified as direct economic damages to the built environment
expressed as expected annual damage (EAD) and 100-year damage events (100-yr event) (see
Section 2.4.3 ii)). While these metrics serve as a suitable approximation for understanding large-
scale, macroeconomic effects, they capture risk in an aggregated way, which can mask local variations
in risk and vulnerabilities. I therefore suggest considering more granular, spatially resolved risk
metrics to capture these nuances in future research. Moreover, solely focusing on direct economic
damages overlooks the broader spectrum of impacts, which can encompass indirect economic effects
(e.g., Otto et al., 2023), as well as more comprehensive and intricate forms of impacts. This is
especially noteworthy given the challenges in future exposure modelling, its substantial uncertainties,
and the key role exposure plays as a driver of future risk, as elaborated in Chapters 3, 4, and
5. Importantly, each alternative exposure representation that is adopted brings specific facets of
vulnerability into focus. The diversity in exposure representations inherently discloses a range of
vulnerabilities, each of which requires tailored impact functions for accurate risk assessment.

For instance, assessing excess mortality linked to tropical cyclones offers a human-centric dimen-
sion of exposure that brings vulnerabilities related to public health and emergency management
into focus (Parks et al., 2023). Similarly, evaluating the social cost of tropical cyclones provides an
economic perspective that highlights vulnerabilities in socio-economic structures and long-term de-
velopment (Krichene et al., 2023). Assessing risk to critical infrastructure and networks underscores
vulnerabilities in essential services and societal functions (Miihlhofer et al., 2023). Additionally,

incorporating social vulnerability indices as exposure representations can shed light on the socio-
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demographic factors that exacerbate vulnerability during tropical cyclones, offering insights into
the distribution of risk among different social groups (Baldwin et al., 2023). Integrating human
mobility and population dynamics in exposure models can reveal the transient nature of vulnerability,
capturing how population movements before, during, and after cyclones may alter the risk landscape
and affect response and recovery efforts (Mester et al., 2023).

Furthermore, alternative damage and disaster loss databases that offer globally consistent in-
formation such as DesInventar (DesInventar, n.d.), a Disaster Information Management System
developed by UNDRR, can help bridge current data gaps, given the limited disaster data available
from traditional sources (EM-DAT Guha-Sapir, 2023) for model calibration and validation. Ad-
ditionally, technological advances, particularly the integration of satellite imagery and machine
learning, present promising opportunities for refining exposure representations (Rolf et al., 2021).
These innovative techniques can remotely sense socio-economic data at a global scale, providing
valuable updates to existing tools like LitPop (Eberenz et al., 2020). Novel datasets, which include
representations of poverty (Aiken et al., 2023) and national development (Sherman et al., 2023),
facilitate a more nuanced understanding of exposure and vulnerability. I suggest the application of
such advanced technologies to track socio-economic development over historical periods, providing a
quantitative foundation for trends and trajectories. With careful extrapolation, these insights may be
projected into the future, aligning with various Shared Socio-economic Pathways, thereby offering
a dynamic and forward-looking approach in contrast to the constant scaling factors we applied in
our studies to represent socio-economic development (see Section 3.4.3 and 3.4.6). Each of these
alternative representations of exposure and associated vulnerabilities provides a starting point for

future research exploration.

In Chapters 3, 4, and 5, we focused on uncertainties and sensitivities of future tropical cyclone
risk changes. Our results highlight the full uncertainty distribution of model outputs and how these
variations can be attributed to variations in input factors. This information guides model developers
in focusing research efforts to minimize output uncertainty. For decision-makers, it provides a much
more representative range of plausible future outcomes and thus a more transparent and valuable
information basis. The question then is: How can decisions made in the face of uncertainty be both
confident and robust? And how should these decisions reflect the scientific uncertainty embedded in
the utilized models?

Decision theory provides various methods to address these questions. Options include Bayesian
decision theory (Smith, 2010), robust control (Lempert et al., 2006; Hansen and Sargent, 2008),
real options (Dixit and Pindyck, 1994; Gollier and Treich, 2003) and ambiguity theory (Ghirardato
et al., 2004; Klibanoff et al., 2005; Heal and Millner, 2014; Gilboa and Marinacci, 2016). In climate
risk and adaptation decisions, these approaches offer valuable applications. Bayesian decision theory
is a framework that combines probability theory and decision theory to make rational decisions
under uncertainty. It involves using Bayesian inference to update beliefs and make decisions based
on available evidence. Bayesian decision theory involves assigning prior probabilities to different
possible outcomes, updating these probabilities based on new information, and selecting the decision
that maximizes the expected utility or value. It provides a systematic approach to decision-making

by incorporating both subjective beliefs and objective data (Smith, 2010). Robust control theory
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focuses on making decisions that are resilient to uncertainties and disturbances. It aims to find a
control policy that performs well across a range of possible scenarios. Instead of optimizing for the
best outcome in a specific scenario, robust control seeks to minimize the worst-case outcome. It is
commonly applied in engineering and systems control, where there are uncertainties in the system
dynamics or external disturbances (Lempert et al., 2006; Hansen and Sargent, 2008). Real options
theory is primarily used in the field of finance and investment. It extends traditional financial option
pricing models to value investment opportunities that have flexibility and can be delayed, expanded,
or abandoned based on future conditions. Real options recognize that investments often involve the
ability to make decisions and take actions in response to changing market conditions, rather than
being fixed and irreversible. This theory helps decision-makers evaluate the value of flexibility and the
potential benefits of waiting for more information before committing to a course of action (Dixit and
Pindyck, 1994; Gollier and Treich, 2003). Ambiguity theory deals with decision-making in situations
where there is a lack of information or imprecise knowledge. It recognizes that decision-makers may
have incomplete or contradictory beliefs about the probabilities of different outcomes. Ambiguity
aversion refers to a preference for known risks over unknown risks. Ambiguity theory incorporates
decision criteria that consider both probabilities and the degree of ambiguity associated with those
probabilities (Ghirardato et al., 2004; Klibanoff et al., 2005; Heal and Millner, 2014; Gilboa and
Marinacci, 2016).

Different decision rules have been formulated for situations in which decision-makers face ambi-
guity. One such method to tackle inputs from model ensembles (multi- or single-model ensembles)
and address ambiguity is the confidence approach (Hill, 2013; Bradley, 2017; Roussos et al., 2021).
Key strengths of the confidence approach are that it transparently reflects the outputs of all ensembles
used for probabilistic climate risk assessment and includes the decision-makers’ levels of stakes and
cautiousness. As a result, the confidence approach provides a framework to efficiently navigate the
output range from the ensembles and provide decision-makers with a defensible level of information
based on their risk tolerance.

Demand for probabilistic tropical cyclone risk information is rising in many sectors. Yet, decision
models are still widely unused in combination with tropical cyclone and other probabilistic weather
and climate risk applications, and there is no standardized way to support climate-related decisions
under uncertainty. Thus, I suggest introducing robust decision-making methods under uncertainty

for probabilistic climate risk-related adaptation decisions.

6.4 Final remarks

This thesis identifies and systematically quantifies the crucial sources of uncertainty in global tropical
cyclone risk assessments, thereby enhancing the value of these assessments for risk analysis, research,
and decision-making. The challenges associated with leveraging model uncertainties to generate
actionable outputs are not unique to this domain; similar issues are observed and debated in other
fields. A recent discussion highlighted the influence of the uncertainty in gene copy conversion to
biomass and the need for further investigation of how to best take advantage of gene copy data

for global diazotroph biogeography modelling purposes (Meiler et al., 2022a; Zehr and Riemann,
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2023). Despite these uncertainties, there is a consensus on the value of gene count quantification as a
powerful tool for analyzing marine diazotroph distributions (Meiler et al., 2023a; Zehr and Riemann,
2023). Meiler et al. (2023a) have outlined various areas for future investigation in this field. Similarly,
this thesis offers guidance on navigating through the uncertainties inherent in tropical cyclone risk

assessment and provides insights to inform model selection, application and improvement.
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Supplementary Figure A.1: Regional distribution of track intensities for the five datasets. Panels a)-d) compare the
relative frequency of tropical cyclones belonging to each category of the Saffir-Simpson Hurricane Wind Scale across the
five track sets (IBTrACS, IBTrACS_p, STORM, MIT, CHAZ), separately for the four regions a) North Atlantic/Eastern Pacific,
b) North Indian Ocean, c¢) Southern Hemisphere, and d) Western Pacific. The mean and standard deviation (black error
bars) of the frequencies are shown in the upper part of the plots while the lower part displays the relative variability in
each intensity bin (as box plots with a line at the median, a box denoting the inter-quartile range (IQR) and whiskers
extending 1.5-times IQR; points are outliers). Note that the frequencies of Cat. 5 TCs are shown on a secondary y-axis in
log scale. For this figure, the maximum wind speed included in the track data at positions that are within 300 km from

land are considered. The same plot with wind speeds taken directly from the wind fields over land is provided in Fig. 1.
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Supplementary Table A.1: Calculated direct economic damages in billion USD for the Expected Annual Damage
(EAD). Mean and standard deviation (absolute, relative) for all synthetic tropical cyclone track sets (IBTrACS_p, STORM,
MIT, CHAZ) and the EAD for the historical IBTrACS in the four regions are shown.

North Atlantic/Eastern Pacific North Indian Ocean Southern Hemisphere Western Pacific
IBTrACS 50.86 2.32 5.41 43.05
IBTrACS p 31.50 +1.07 (3.4%) 2.08 £0.16 (3.4%) 6.61 £0.33 (5.0%) 36.68 £1.01 (2.8%)
STORM 55.61 £2.46 (4.4%) 13.25 £1.38 (4.4%) 14.17 +£1.23 (8.7%) 169.43 +£5.30 (3.1%)
MIT 25.65 £1.34 (5.2%) 8.32 £0.66 (5.2%) 9.36 £0.99 (10.6%) 49.70 £2.89 (5.8%)
CHAZ 82.47 £2.86 (3.5%) 11.51 +0.82 (3.5%) 31.32 *1.72 (5.5%) 115.49 +£3.25 (2.8%)

Supplementary Table A.2: Calculated direct economic damages in billion USD for the 100-yr and 1000-yr events.
Results are shown for all synthetic tropical cyclone track sets (IBTrACS_p, STORM, MIT, CHAZ) in the four regions. The
values in brackets indicate the 90% confidence interval expressed as percent of the mean 100-yr and 1000-yr damage

values.

North Atlantic/Eastern Pacific North Indian Ocean Southern Hemisphere Western Pacific

100-yr 1000-yr 100-yr 1000-yr 100-yr 1000-yr 100-yr 1000-yr
IBTrACS p 231  (39%) 589 (68%) 40  (39%) 86  (94%) 60 (33%) 111 (37%) 165 (55%) 439 (37%)
STORM 344  (31%) 603 (51%) 246 (54%) 517 (78%) 193 (60%) 529 (143%) 664 (33%) 1213 (66%)
MIT 169 (58%) 379 (185%) 106 (46%) 251 (48%) 109 (54%) 400 (231%) 430 (60%) 1191 (38%)
CHAZ 359  (43%) 813 (98%) 109 (31%) 227 (60%) 295 (52%) 678 (87%) 445 (29%) 814  (70%)

Supplementary Table A.3: Calculated normalized impact given as fraction of the area affected for the Expected
Annual Damage (EAD). Mean and standard deviation (absolute, relative) for all synthetic tropical cyclone track sets
(IBTrACS_p, STORM, MIT, CHAZ) and the EAD for the historical IBTrACS in the four regions are shown.

North Atlantic/Eastern Pacific North Indian Ocean Southern Hemisphere Western Pacific

IBTrACS 3.2E-04 7.4E-05 1.1E-03 3.2E-04

IBTrACS_p 2.4E-04 +4.2E-06 (1.8%) 8.1E-05 +£2.5E-06 (3.0%) 7.9E-04 +£9.7E-06 (1.2%) 2.6E-04 +2.9E-06 (1.1%)
STORM 4.9E-04 +1.6E-05 (3.3%) 4.0E-04 +£2.7E-05 (6.6%) 7.2E-04 +£2.0E-05 (2.8%) 9.7E-04 £1.9E-05 (2.0%)
MIT 3.5E-04 +1.1E-05 (3.3%) 2.3E-04 +£9.9E-06 (4.3%) 6.8E-04 +£2.6E-05 (3.8%) 4.9E-04 +£1.8E-05 (3.6%)
CHAZ 9.9E-04 £1.9E-05 (1.9%) 5.9E-04 +2.1E-05 (3.5%) 1.9E-03 +3.0E-05 (1.6%) 1.1E-03 +2.3E-05 (2.1%)

Supplementary Table A.4: Calculated normalized impact given as percentage of the area affected for the 100-yr
and 1000-yr events. Results are shown for all synthetic tropical cyclone track sets (IBTrACS_p, STORM, MIT, CHAZ) in
the four regions. The values in brackets indicate the 90% confidence interval expressed as percent of the median 100-yr

and 1000-yr damage values.

North Atlantic/Eastern Pacific North Indian Ocean Southern Hemisphere Western Pacific

100-yr 1000-yr 100-yr 1000-yr 100-yr 1000-yr 100-yr 1000-yr
IBTrACS_p 0.088% (14%) 0.146% (101%) 0.087% (14%) 0.150% (60%) 0.202% (29%) 0.355% (42%) 0.056%  (18%) 0.083%  (16%)
STORM 0.185%  (25%) 0.340% (117%) 0.380% (37%) 1.062% (75%) 0.209% (24%) 0.433%  (98%) 0.196%  (26%) 0.386% (87%)
MIT 0.129%  (37%) 0.231%  (46%) 0.119% (22%) 0.212% (49%) 0.315% (33%) 0.488% (33%) 0.224%  (25%) 0.397%  (28%)
CHAZ 0.169%  (21%) 0.262%  (66%) 0.210% (17%) 0.300% (39%) 0.251% (13%) 0.349% (135%) 0.272% (19%) 0.400% (43%)
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Supplementary Figure A.2: Normalized impact return period curves for the five tropical cyclone track sets. Return
periods up to 1000 years for the synthetic track sets (IBTrACS_p, STORM, MIT, CHAZ) and 39 years for the IBTrACS record
(black solid curve) in the four regions (a) North Atlantic/Eastern Pacific, b) North Indian Ocean, ¢) Southern Hemisphere,
d) Western Pacific). We use a sub-sampling approach on the synthetic track sets to calculate the median (colored solid
curves), the 90% confidence intervals of the impact distribution over 1000 years. Note, impacts are given as normalized

results as fraction of the area affected.
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Supplementary Methods

When analyzing the synthetic datasets, we apply a bootstrapping method in which we draw 100 to
1000 subsamples of the synthetic datasets at a chosen length. This allows us to calculate statistics
over the subsamples like the mean and standard deviation for the TC track (Supplementary Figure
A.1) and hazard intensities (Figure 2.1), EAD estimates (Supplementary Table A.1) and the median
and 5th and 95th percentile of each subsample to obtain the 90 % confidence interval (CI) of impacts
(Figure 2.2 and Supplementary Figure A.2).

Depending on the synthetic track set, varying approaches in the subsampling routine are taken
to account for the different ways in which each synthetic dataset integrates probabilistic variability.
The only dataset that does not associate a specific year in the historic period to each synthetic track
is STORM. In STORM, each of the 10000 years is a representation of the whole observational 1980
to 2018 climatology. Accordingly, we randomly subsampled N=1000 year sets, each at the length
of the years covered by IBTrACS (Figure 2.1 and Supplementary Figure A.1) or 1014 years for the
impact analyses (Figure 2.2 and Supplementary Figure A.2). For the remaining track sets, we draw
subsamples in a way that retains the intrinsic association with historic years. The probabilistic
IBTrACS is a dataset that consists of the original historical IBTrACS record plus 99 probabilistic tracks
for each observed TC (see Methods); we thus evaluate the desired statistics over the total of 100
probabilistic IBTrACS ensembles. The CHAZ hazard set comes as an ensemble of 10 full model runs,
each containing 40 intensity ensembles per track; hence a total of 400 ensembles of 39 years of TC
activity. We take these 400 ensembles to generate the CIs and the median value. For each year, the
MIT dataset contains a fixed number of 500 synthetic tracks that, together with an information of
average number of events to occur, represent the probabilistic variability of that year’s TC climatology.
For our analysis, we draw N=1000 random subsamples from each year set in such a way that the size
of the subsamples is distributed according to a Poisson distribution with mean given by the provided

expected number of events for that year.

Supplementary Discussion

First, in STORM the regression coefficients for TC intensity are generally derived in 5° x 5°-boxes
(Bloemendaal et al., 2020a). However, in the North Indian Ocean, the sample size is too small
to adequately fit STORM’s regression formulas, and as such these formulas were derived over
larger areas (N. Bloemendaal, personal communication, October 2021), thereby omitting spatial
heterogeneity within the basin. Furthermore, and perhaps most importantly, TC intensity in STORM
is modelled through a strong dependency on the Maximum Potential Intensity (MPI), which, in
turn, depends on sea-surface temperatures (SST). In the North Indian Ocean and particularly the
Bay of Bengal, there is little variation in SST, which means that obtaining spatially varying MPI
values becomes challenging (Bloemendaal et al., 2019). Without varying MPI values, initiating TC
decay is virtually impossible. As a consequence, the entire region is supportive of very intense TCs
(<900 hPa). This combined with the regression formula problem allows for TCs to intensify all the
way up to category 4 and 5 events in the Bay of Bengal as simulated by STORM. According to Figure
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2.1 in our study, STORM largely underestimates the lowest category events in the North Indian Ocean
and overestimates higher category events. However, Bloemendaal et al. (2020a) report that the high
intensities in the North Indian Ocean are well in line with IBTrACS observations. In contrast to our
analysis, Bloemendaal et al. (2020a) only analyzed the average max. wind speeds over all events in
a basin (not differentiating between TC categories). Presumably, this the reason that Bloemendaal
et al. (2020a) concluded that STORM is well in line with IBTrACS observations in the North Indian

Ocean while our study indicates that STORM overestimates intensities in this basin.
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Supplementary Figure B.1: First- (§1) and total-order (ST) sensitivity indices. First- (a) and total-order (b) sensitivity
indices for absolute (calculated in USD) future (2050, 2090) TC risk expressed as expected annual damage (EAD; upper
bar) and 100-yr event values (rp100; lower bar) over the four study regions (see Fig. 3.1 a) North Atlantic/Eastern Pacific
(AP), North Indian Ocean (I0), Southern Hemisphere (SH), and North Western Pacific (WP) and all input factors (see
Methods and Table 3.1 therein). Results are grouped by input factors (different colors); Vulnerability function midpoint
describes the impact function; Wind model; GCM, SSP hazard, Event subsampling base, Event subsampling future pertain to

the hazard component; GDP model; SSP exposure, Exposure urban /rural weighting relate to the exposure.
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Supplementary Figure B.2: TC risk change from different global climate models (GCMs) and emission scenarios.
Model simulations of the expected 100-yr event (rp100) change by 2050 (a, c, e, g) and 2090 (b, d, f, h) attributed to the
nine GCMs and three emission scenarios underlying the TC hazard sets (see Methods). GCMs are ordered by increasing
transient climate response (TCR) values (Supplementary Table B.6), which are shown as black stars on a secondary y-axis.
Model realization of matching hazard and exposure scenarios are marked in color (SSP245 in red, SSP370 in green,
SSP585 in blue) with diamond-shaped markers delineating the median of their distribution. Results are shown over the
four study regions North Atlantic/Eastern Pacific (AP), North Indian Ocean (I0), Southern Hemisphere (SH), and North
Western Pacific (WP) (see Fig. 3.1 a)).
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Supplementary Table B.1: Statistical summary metrics of expected annual damage (EAD) change values by 2050 and
2090 in the four regions North Atlantic/Eastern Pacific (AP), North Indian Ocean (I0), Southern Hemisphere (SH), and
North Western Pacific (WP), reported for climate change (CC), socio-economic development (SOC), the product of CC and

SOC calculated from the sum of their log values (sum) and total TC risk change (total).

AP delta year mean std min 25% 50% 75% max
CC 2050 3.5 4.7 -0.2 0.3 0.8 5.5 23.7
CC 2090 6.0 9.8 -04 0.1 1.3 7.5 57.4
SOC 2050 09 0.3 0.3 0.6 0.8 1.1 1.8
SOC 2090 2.3 1.3 0.2 1.4 2.0 2.5 5.6
sum 2050 4.3 4.7 0.3 1.2 1.8 6.5 24.8
sum 2090 8.3 10.0 0.1 2.1 3.6 10.0 59.7
total 2050 7.1 8.6 0.2 1.4 2.4 11.1 529
total 2090 20.5 33.6 0.0 2.3 5.4 23.7 321.6
I0 delta year mean std min 25% 50% 75% max
CC 2050 2.8 3.7 -0.4 0.1 0.7 4.3 19.5
CC 2090 4.9 5.4 -0.1 0.7 1.8 8.1 31.0
SOC 2050 2.6 1.1 0.5 1.9 2.5 3.1 5.7
SOC 2090 6.7 3.7 0.7 4.2 6.1 8.8 17.6
sum 2050 5.4 4.0 0.3 2.5 4.2 7.0 24.2
sum 2090 11.6 6.9 1.1 6.3 10.1 15.3 46.3
total 2050 13.0 15.5 0.1 2.6 5.3 18.6 1215
total 2090 44.8 51.6 1.0 10.0 21.7 649 466.6
SH delta year mean std min 25% 50% 75% max
CC 2050 0.9 1.2 -0.6 0.0 0.3 1.8 13.3
CC 2090 1.3 1.6 -0.7 0.2 0.6 2.2 12.6
SOC 2050 2.5 1.2 0.5 1.6 2.2 3.1 9.6
SOC 2090 8.8 6.7 1.1 4.1 7.1 11.6 57.5
sum 2050 3.4 1.7 0.6 2.1 3.2 4.4 16.4
sum 2090 10.1 7.2 1.1 4.9 8.3 13.2  61.0
total 2050 5.5 4.7 -0.2 21 4.0 7.6 70.8
total 2090 20.8 22.2 0.1 6.9 13.3 25.7 341.2
WP delta year mean std min 25% 50% 75% max
CcC 2050 2.0 2.4 -0.2 0.3 0.8 3.3 15.7
CC 2090 2.8 3.1 -0.2 0.6 1.2 4.4 16.1
SOC 2050 1.6 0.7 0.2 1.1 1.5 1.9 4.1
SOC 2090 3.3 2.0 0.1 1.8 2.7 4.3 13.2
sum 2050 3.6 2.6 0.4 1.7 2.6 4.8 18.3
sum 2090 6.1 3.9 0.4 3.1 4.9 8.2 20.7
total 2050 6.5 6.3 0.5 2.2 3.7 9.3 51.2
total 2090 14.3 13.7 0.1 4.8 9.2 19.1 110.1
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Supplementary Table B.2: Statistical summary metrics of 100-yr event change values by 2050 and 2090 in the four
regions North Atlantic/Eastern Pacific (AP), North Indian Ocean (I0), Southern Hemisphere (SH), and North Western
Pacific (WP), reported for climate change (CC), socio-economic development (SOC), the product of CC and SOC calculated

from the sum of their log values (sum) and total TC risk change (total).

AP delta year mean std min 25% 50% 75% max
CC 2050 1.7 2.1 -04 0.3 0.7 2.8 18.8
CC 2090 2.6 3.5 -0.5 0.3 1.0 4.2 33.2
SOC 2050 0.8 0.3 0.2 0.6 0.7 0.9 2.3
SOC 2090 2.1 1.4 0.1 1.3 1.6 2.3 8.2
sum 2050 24 2.2 -0.1 1.0 1.5 3.5 20.1
sum 2090 4.7 3.9 -0.2 1.9 3.2 6.2 37.5
total 2050 3.6 3.8 -0.1 1.1 1.9 5.4 43.9
total 2090 9.7 12.7 -04 22 4.8 124 178.6
I0 delta year mean std min 25% 50% 75% max
CC 2050 2.0 3.3 -0.6 0.0 0.5 2.7 25.3
CC 2090 3.1 3.7 -0.3 0.5 1.5 4.4 24.5
SOC 2050 2.6 1.1 0.3 1.8 2.5 3.2 6.5
SOC 2090 6.7 3.7 0.5 4.1 6.0 8.8 21.2
sum 2050 4.6 3.6 0.1 2.4 3.6 5.5 29.5
sum 2090 9.8 5.5 0.8 5.6 8.7 12.6 421
total 2050 10.3 141 0.0 2.5 4.7 12.4 170.9
total 2090 31.1 36.2 0.6 9.0 17.2  39.6 4224
SH delta year mean std min 25% 50% 75% max
CC 2050 09 1.4 -0.7 0.0 0.4 1.3 20.4
CC 2090 1.3 1.5 -0.6 0.2 0.7 1.9 10.5
SOC 2050 29 1.7 0.3 1.8 2.5 3.7 10.9
SOC 2090 11.7 104 0.7 4.4 8.1 154 67.9
sum 2050 3.8 2.2 0.3 2.2 3.3 4.8 25.1
sum 2090 13.0 10.8 0.4 5.3 9.5 171 72.0
total 2050 5.9 5.7 -0.3 24 4.1 7.4 91.5
total 2090 22.1 233 03 7.4 144 283 367.6
WP delta year mean std min 25% 50% 75% max
CC 2050 1.2 1.4 -0.6 0.2 0.7 1.7 11.8
CC 2090 1.5 1.8 -0.5 04 0.9 2.2 18.8
SOC 2050 1.7 0.8 -0.1 1.2 1.6 2.1 4.6
SOC 2090 3.9 2.7 -0.1 2.0 3.2 4.9 18.0
sum 2050 2.9 1.7 -0.3 1.6 2.5 3.7 13.7
sum 2090 54 3.4 -0.2 28 4.6 7.1 26.2
total 2050 4.5 3.7 -04 19 3.4 5.9 35.5
total 2090 9.1 7.6 -0.2 4.0 7.0 11.7 87.7
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Supplementary Table B.3: TC hazard frequency values for event sets of the nine different GCMs and three emission
scenarios in the two future time periods (2050, 2090) and four study regions North Atlantic/Eastern Pacific (AP), North
Indian Ocean (I0), Southern Hemisphere (SH), and North Western Pacific (WP). Frequency values above the multimode
average (last row) are highlighted in red.

AP 10 SH WP
GCM emission scenario 2050 2100 2050 2100 2050 2100 2050 2100
CESM2 SSP245 13.47 1199 7.52 7.47 15.97 19.67 19.53 16.88
CESM2 SSP370 12.53 10.64 7.31 8.15 15.82 20.36 20.22 20.99
CESM2 SSP585 12.70 9.71 7.09 10.74 16.15 22.79 18.37 19.22
CNRM6 SSP245 15.16 15.63 5.53 5.85 10.94 11.19 21.61 22.05
CNRM6 SSP370 14.83 15.69 5.40 6.24 11.44 11.76 21.61 23.42
CNRM6 SSP585 15.93 15.96 5.51 6.21 11.53 1094 22.13 25.32
ECEARTH  SSP245 19.57 19.76 6.17 7.79 13.42 13.53 25.35 24.79
ECEARTH SSP370 22.65 23.71 5.81 7.84 13.25 12.89 25.25 26.58
ECEARTH SSP585 21.81 28.38 6.89 9.12 13.85 13.72 26.33 27.64
FGOALS SSP245 9.32 8.56 2.92 2.99 8.95 8.66 14.76  13.93
FGOALS SSP370 9.04 7.73 2.80 2.99 8.87 8.61 14.77 13.99
FGOALS SSP585 8.97 7.81 2.97 3.17 9.06 8.93 14.29 14.60
IPSL6 SSP245 19.42 20.44 7.78 7.89 12.88 11.38 23.29 24.56
IPSL6 SSP370 18.83 20.51 7.49 7.45 12.50 11.38 22.26 26.52
IPSL6 SSP585 20.06 23.76 8.29 8.91 12.01 11.35 25.04 29.61
MIROC6 SSP245 10.74 11.06 3.20 3.73 9.15 9.05 17.54 18.78
MIROC6 SSP370 10.76 11.72 3.09 4.14 8.87 9.79 18.50 18.47
MIROC6 SSP585 11.24 1242 3.86 4.42 9.68 9.39 18.28 21.37
MPI6 SSP245 9.73 8.78 2.86 3.54 9.68 9.32 17.62 17.50
MPI6 SSP370 9.91 7.73 2.29 3.21 9.16 9.31 16.34 14.91
MPI6 SSP585 9.66 8.34 2.69 3.60 9.45 9.08 16.88 16.27
MRI6 SSP245 11.27 9.86 3.07 3.80 8.27 9.12 17.08 15.88
MRI6 SSP370 10.09 7.93 2.72 3.59 8.52 9.13 15.03 14.83
MRI6 SSP585 10.81 9.12 3.62 4.87 8.21 8.98 15.84 15.74
UKMO6 SSP245 11.51 12.42 3.59 3.55 8.91 8.55 17.58 17.72
UKMO6 SSP370 11.58 12.03 3.04 3.84 8.78 8.81 15.93 16.81
UKMO6 SSP585 11.51 1291 3.52 4.32 8.96 8.71 18.38 16.11

average 1345 13.50 4.70  5.53 1090 11.35 19.25 19.80
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Supplementary Table B.4: TC hazard intensity change values for event sets of the nine different GCMs and three

emission scenarios in the two future time periods (2050, 2090) and four study regions North Atlantic/Eastern Pacific
(AP), North Indian Ocean (I0), Southern Hemisphere (SH), and North Western Pacific (WP). Intensity values above the

multimode average (last row) are highlighted in red. Note, the intensity change is calculated relative to the historical
period (1995-2014) and we used the Holland (2008) wind model for the hazard generation.

WP
GCM emission scenario 2050 2100 2050 2100 2050 2100 2050 2100
CESM2 SSP245 422 4.53 3.97 550 390 4.28 526  5.26
CESM2 SSP370 419 377 427 619 351 536 496 7.49
CESM2 SSP585 447 393 425 8.15 336 5.80 491 9.58
CNRM6 SSP245 7.11 7.97 317 400 471 414 7.06  7.65
CNRM6 SSP370 6.84 8.09 3.31 420 469 4.32 7.64  8.37
CNRM6 SSP585 7.58 9.18 3.63 446 462 386 687 8.76
ECEARTH  SSP245 5.25 6.09 282 3.83 461 4.15 5.23 6.39
ECEARTH SSP370 6.45 7.30 2.72 3.82 3.83 4.65 5.04 6.64
ECEARTH  SSP585 6.32 8.74 3.04 457 3.78 598 5.86 8.71
FGOALS SSP245 0.16 -0.31 0.66 0091 0.78 1.02 1.31 1.05
FGOALS SSP370 -0.07 -0.80 044 097 1.19  2.07 1.45 1.13
FGOALS SSP585 0.08 -0.26 0.67 247 1.17 1.85 1.10 291
IPSL6 SSP245 6.38 7.71 5.18 5.85 590 6.11 8.12  9.07
IPSL6 SSP370 6.22 8.17 4.73 549 572 512 7.50 7.44
IPSL6 SSP585 7.31 874 532 6.79 5.61 5.74  8.03 7.75
MIROC6 SSP245 0.98 1.57  0.55 1.61 -0.66 042 041 1.57
MIROC6 SSP370 1.23 1.57 0.70 1.63 -0.62 134 1.09 255
MIROC6 SSP585 1.42 292 1.17 249 0.01 0.78 245 3.63
MPI6 SSP245 0.27 004 -070 014 -0.58 -0.80 130 0.83
MPI6 SSP370 0.70 -0.04 -0.52 -0.12 -0.49 -0.78 0.76 1.28
MPI6 SSP585 0.41 0.56 -0.16 039 -0.79 -0.36 0.61 2.25
MRI6 SSP245 1.69 1.69 0.28 1.68 -0.03 0.86 043 0.35
MRI6 SSP370 0.88 197 0.64 151 0.10 043 -0.51 0.36
MRI6 SSP585 1.96 2.75 1.23 217 -0.10 2.00 042 261
UKMO6 SSP245 148 210 0.60 1.28 -0.08 0.17 1.17  0.94
UKMO6 SSP370 1.94 317 0.43 1.17  0.13 1.19 0.10 1.47
UKMO6 SSP585 193 416 0.58 197 -0.17 1.06 1.23 1.76
average 3.24  3.90 196 3.08 2.00 262 333 436
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Supplementary Table B.5: TC hazard intensity change values for event sets of the nine different GCMs and three

emission scenarios in the two future time periods (2050, 2090) and four study regions North Atlantic/Eastern Pacific
(AP), North Indian Ocean (I0), Southern Hemisphere (SH), and North Western Pacific (WP). Intensity values above the

multimode average (last row) are highlighted in red. Note, the intensity change is calculated relative to the historical

period (1995-2014) and we used the Emanuel and Rotunno (2011) wind model for the hazard generation.

AP WP
GCM emission scenario 2050 2100 2050 2100 2050 2100 2050 2100
CESM2 SSP245 5.09 5.72 4.47 6.39 4.75 5.58 5.82 5.85
CESM2 SSP370 5.13 5.22 497 794 423 718 569 9.44
CESM2 SSP585 5.51 6.04 5.02 10.35 4.36 8.10 5.53 11.79
CNRM6 SSP245 8.61 991 4.17  5.06 6.31 581 886 9.56
CNRM6 SSP370 833 10.19 437 5.3 6.25 6.24 946 10.45
CNRM6 SSP585 9.31 11.61 4.64 596 6.38 5.84 859 11.15
ECEARTH  SSP245 6.12  7.09 3.13 4.29 529 492 612 7.29
ECEARTH SSP370 7.23  8.63 3.05 4.60 452 587 588 841
ECEARTH SSP585 7.37 10.73  3.34 5.83 4.51 7.75 6.90 11.17
FGOALS SSP245 0.79 031 1.07 131 1.04 131 1.78 1.40
FGOALS SSP370 0.70  0.28 0.76  1.49 144 249 190 1.59
FGOALS SSP585 0.84 1.10 1.04  3.27 142 236 142 3.63
IPSL6 SSP245 7.37  9.19 5.89 6.81 718 749 9.64 10.70
IPSL6 SSP370 7.36  9.85 5.56 6.56 7.07 6.54 9.03 9.08
IPSL6 SSP585 8.61 11.09 6.24 843 6.89 7.28 9.78 9.71
MIROC6 SSP245 1.24  2.04 0.53  1.59 -0.69 0.58 0.53 2.05
MIROC6 SSP370 1.64  2.26 0.74 1.74 -0.61 1.81 133 3.17
MIROC6 SSP585 1.74  3.78 1.19 286 0.10 120 291 461
MPI6 SSP245 0.47 0.26 -0.62  0.26 -0.46 -0.70 1.60 1.06
MPI6 SSP370 0.92 031 -0.38 0.46 -0.38 -0.29 1.02 224
MPI6 SSP585 0.65 1.24 -0.15  1.28 -0.67 045 085 3.50
MRI6 SSP245 192 185 0.28 1.81 0.00 116 070 0.73
MRI6 SSP370 1.17 247 0.60 1.80 0.23 1.09 -0.29 1.27
MRI6 SSP585 2.26 3.72 1.29 2.99 0.12 3.31 0.71 4.02
UKMO6 SSP245 222  2.86 0.72  1.56 0.04 052 137 1.59
UKMO6 SSP370 2.67  4.66 0.54 1.87 024 224 026 287
UKMO6 SSP585 2.72 598 0.76  3.22 0.02 264 169 3.50
average 400 5.13 234 3.90 2.58 3.66 4.04 5.62
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Supplementary Table B.6: Transient climate response (TCR) and equilibrium climate sensitivity (ECS) values for the

nine GCMs, including a screen if the models fall into the likely range of projected TCR or ECS. Values are obtained from

Hausfather et al. (2022) supplementary data. The last column groups GCMs into two clusters of low and medium-high TC

risk change according to the results of Section 2.3 in the main text.

Model TCR TCR screen (likely) ECS150 ECS130 ECS screen (likely) TC risk increase
CESM2 2.00 yes 5.15 6.43 no med-high
CNRM-CM6-1 2.22  no 4.90 4.76 no med-high
EC-Earth3 2.30 no 4.26 N/A no med-high
FGOALS-g3 1.50 yes 2.87 3.10 yes low
IPSL-CM6A-LR 235 no 4.70 5.18 no med-high
MIROC6 1.55 yes 2.60 2.59 yes low
MPI-ESM1-2-HR  1.64 yes 2.98 3.34 yes low
MRI6-ESM2-0 1.67 yes 3.13 3.42 yes low
UKESM1-0-LL 2.77 no 5.36 5.49 no low

Supplementary Table B.7: Spearman’s rank correlation coefficients (rho) between the TCR values (B.6) and the calculated
TC risk metrics (change in expected annual damage (EAD) and 100-yr event (rp100)) in the future (2050, 2090) in the
four study regions North Atlantic/Eastern Pacific (AP), North Indian Ocean (I0), Southern Hemisphere (SH), and North

Western Pacific (WP) and for the entire globe (regions combined). Correlation coefficients between TCR and global hazard

frequency and intensity are reported as well.

risk metric year region rho pval
EAD 2050 AP 0.71 0.0
(0] 0.52 0.0

SH 044 0.0

WP 0.60 0.0

global 0.54 0.0

EAD 2090 AP 0.66 0.0
10 048 0.0

SH 0.33 0.0

WP 0.57 0.0

global 0.48 0.0

rp100 2050 AP 0.65 0.0
10 0.48 0.0

SH 0.34 0.0

WP 0.50 0.0

global 0.46 0.0

rpl00 2090 AP 0.66 0.0
10 045 0.0

SH 0.27 0.0

WP 041 0.0

global 0.39 0.0

hazard metric year region rho pval
frequency 2050 global 0.65 0.00
2090 global 0.63 0.00

intensity 2050 global 0.59 0.00
2090 global 0.57 0.00
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Supplementary Table B.8: List of CMIP6 models used in the downscaling of tropical cyclone event sets.

Institution Model Short name Source

National Center for Atmospheric Research CESM2 CESM2 Danabasoglu et al. (2020)
Centre National de Recherches Météorologiques CNRM-CM6-1 CNRM6 Voldoire et al. (2019)
EC-Earth consortium EC-Earth3 ECEARTH EC Earth Consortium (2019)
Institute of Atmospheric Physics, Chinese Academy of Sciences ~FGOALS-g3 FGOALS Li (2019)

Institut Pierre Simon Laplace IPSL-CM6A-LR IPSL6 Hourdin et al. (2020)

Japan Agency for Marine-Earth Science and Technology MIROC6 MIROC6 Tatebe et al. (2019)

Max Planck Institute MPI-ESM1-2-HR  MPI2 Miiller et al. (2018)
Meteorological Research Institute, Tsukuba, Japan MRI6-ESM2-0 MRI6 Yukimoto et al. (2019)
United Kingdom Met Office UKESM1-0-LL UKMO6 Sellar et al. (2020)
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Supplementary Figure C.1: Drivers of future tropical cyclone risk change: comparison across hazard models.
Relative change in 100-yr event (rp100) by 2050 (left panels) and 2090 (right panels) due to climate change (CC),
socio-economic development (SOC), the product of CC and SOC calculated from the sum of their log values (sum) and
both drivers interacting (total) with respect to the historical baseline. The relative change EAD is reported for the four
study regions (North Atlantic/Eastern Pacific (AP), North Indian Ocean (IO), Southern Hemisphere (SH), and North
Western Pacific (WP)). Boxplots are shown for the four models MIT (blue), CHAZ (orange), STORM (green), IBTrACS_p
(purple) and display the interquartile range (IQR) for the uncertainty over all input factors (see Methods), while the

whiskers extend to 1.5 times the IQR. More extreme points (outliers) are not shown. Note that STORM results are only
available for 2050.
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Supplementary Figure C.2: Uncertainty distribution of TC risk change: comparison across hazard models. Kernel
density estimation plots showcasing the uncertainty distribution of estimated relative change in 100-yr event (rp100)
across study regions (North Atlantic/Eastern Pacific (AP), North Indian Ocean (I0), Southern Hemisphere (SH), and North
Western Pacific (WP)) for the years 2050 and 2090. Each subplot represents a specific region and year combination, with
different models (MIT, CHAZ, STORM, IBTrACS_p) depicted in distinct colors. Note, the model STORM only provides data
for 2050. Each plot shows a normalized probability distribution with an integral sum of 1. The x-axis is truncated in some

figures, potentially influencing the interpretation of distribution tails, particularly for the MIT hazard-based results.
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Supplementary Table C.1: Maximum kernel density of TC risk change uncertainty distribution: comparison across

hazard models. Maximum kernel density estimation of TC risk change uncertainty distribution for estimated change in

expected annual damage (EAD) and 100-yr event (rp100) across study regions (North Atlantic/Eastern Pacific (AP), North
Indian Ocean (I0), Southern Hemisphere (SH), and North Western Pacific (WP)) for the years 2050 and 2090 and the four
models (MIT, CHAZ, STORM, IBTrACS_p). The full uncertainty distribution is shown in Figure 5.2 and Supplementary

Figure C.2.

region year model A EAD (%) A rp100 (%)
AP 2050 MIT 1.66 1.24
CHAZ 0.88 0.80
STORM 1.24 1.10
IBTrACS p 1.22 0.97
2090 MIT 3.52 2.61
CHAZ 1.22 1.14
STORM N/A N/A
IBTrACS p 2.50 2.09
10 2050 MIT 2.82 2.83
CHAZ 1.75 1.98
STORM 1.48 1.10
IBTrACS p 1.85 2.21
2090 MIT 10.00 9.41
CHAZ 2.79 2.86
STORM N/A N/A
IBTrACS_ p 4.05 4.35
SH 2050 MIT 1.89 2.34
CHAZ 1.05 0.93
STORM 2.95 2.09
IBTrACS p 0.79 1.10
2090 MIT 6.42 6.58
CHAZ 1.67 1.75
STORM N/A N/A
IBTrACS_ p  2.09 2.50
WP 2050 MIT 2.47 1.85
CHAZ 1.26 1.33
STORM 2.39 2.01
IBTrACS p 1.11 1.49
2090 MIT 5.12 4.16
CHAZ 1.31 1.57
STORM N/A N/A
IBTrACS p 1.94 2.61
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Supplementary Figure C.3: Sensitivity indices of future TC risk change: comparison across hazard models. Total-
order Sobol sensitivity indices for future (2050, 2090) TC risk change calculated with the four models (MIT, CHAZ, STORM,
IBTrACS_p), expressed as %-change in expected annual damage (EAD; upper bar, lighter colors) and 100-yr event values
(RP 100; lower bar, darker colors) over the four study regions (North Atlantic/Eastern Pacific (AP), North Indian Ocean
(I0), Southern Hemisphere (SH), and North Western Pacific (WP)) and all input factors (different colors); Vulnerability
function midpoint describes the impact function; Wind model; GCM, SSP hazard, TCGI moisture variable, Event subsampling
base, Event subsampling future pertain to the hazard component; GDP model; SSP exposure, Exposure urban /rural weighting

relate to the exposure. Note that STORM results are only available for 2050.
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Supplementary Figure C.4: First-order sensitivity indices of future TC risk across hazard models. First-order Sobol
sensitivity indices for future (2050, 2090) TC risk calculated with the four models (MIT, CHAZ, STORM, IBTrACS p),
expressed as absolute (calculated in USD) expected annual damage (EAD; upper bar) and 100-yr event values (RP 100;
lower bar) over the four study regions (North Atlantic/Eastern Pacific (AP), North Indian Ocean (10), Southern Hemisphere
(SH), and North Western Pacific (WP) and all input factors (different colors); Vulnerability function midpoint describes the
impact function; Wind model; GCM, SSP hazard, TCGI moisture variable, Event subsampling base, Event subsampling future
pertain to the hazard component; GDP model; SSP exposure, Exposure urban /rural weighting relate to the exposure. Note
that STORM results are only available for 2050.
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Supplementary Figure C.5: Total-order sensitivity indices of future TC risk across hazard models. Total-order Sobol
sensitivity indices for future (2050, 2090) TC risk calculated with the four models (MIT, CHAZ, STORM, IBTrACS p),
expressed as absolute (calculated in USD) expected annual damage (EAD; upper bar) and 100-yr event values (RP 100;
lower bar) over the four study regions (North Atlantic/Eastern Pacific (AP), North Indian Ocean (I0), Southern Hemisphere
(SH), and North Western Pacific (WP) and all input factors (different colors); Vulnerability function midpoint describes the
impact function; Wind model; GCM, SSP hazard, TCGI moisture variable, Event subsampling base, Event subsampling future
pertain to the hazard component; GDP model; SSP exposure, Exposure urban /rural weighting relate to the exposure. Note
that STORM results are only available for 2050.
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Supplementary Table C.2: Largest sensitivity indices for future TC risk change estimates. Highest first- (S1) and
total-order (ST) Sobol sensitivity indices for both risk change metrics (expected annual damage (EAD) and 100-yr event
(rp100)), expressed as %-change in the four study regions (North Atlantic/Eastern Pacific (AP), North Indian Ocean (10),
Southern Hemisphere (SH), and North Western Pacific (WP) for both future periods (2050, 2090) and all four models
(MIT, CHAZ, STORM, IBTrACS_p. Indices colored blue pertain to the hazard component, green to the exposure and red to

the impact function. Plots showing all sensitivity indices can be found in Figure 5.3 and Supplementary Figure C.3.

region year model S1EAD S1rp100 ST EAD ST rp100
AP 2050 MIT gc_model gc_model gc_model gc_model
CHAZ gc_model SSp_exp gc_model gc_model
STORM SSp_exp SSp_exp gc_model HE fut
IBTrACS p  ssp _exp HE base  ssp exp HE base
2090 MIT gc_model gc_model gc_model gc_model
CHAZ SSp_exp SSp_exp gc_model gc_model
STORM N/A N/A N/A N/A
IBTrACS p  ssp_exp SSp_exp SSp_exp SSp_exp
10 2050 MIT gc_model gc_model  gc _model gc_model
CHAZ gc_model tcgi_var gc_model gc_model
STORM gc_model SSp_exp gc_model SSp_exp
IBTrACS p HE fut HE base  HE base HE base
2090 MIT gc_model gc_model  gc model gc_model
CHAZ gc_model tcgi_var gc_model gc_model
STORM N/A N/A N/A N/A
IBTrACS_ p HE fut HE base  HE_base HE base
SH 2050 MIT gc_model gc_model  gc_model gc_model
CHAZ SSp_exp SSp_exp ssp_haz gc_model
STORM SSp_exp SSp_exp SSp_exp v_half

IBTrACS p gdp model ssp exp gdp model gdp model

2090 MIT gc_model SSp_exp gc_model SSp_exp
CHAZ SSp_exp SSp_exp SSp_exp SSp_exp
STORM N/A N/A N/A N/A
IBTrACS p  ssp exp SSp_exp SSp_exp SSp_exp

WP 2050 MIT gc_model gc_model gc_model gc_model
CHAZ Ssp_exp Ssp_exp SSp_exp SSp_exp
STORM Ssp_exp Ssp_exp SSp_exp SSp_exp
IBTrACS p  ssp_exp HE base  ssp exp HE base

2090 MIT gc_model gc_model  gc _model gc_model
CHAZ SSp_exp SSp_exp SSp_exp SSp_exp
STORM N/A N/A N/A N/A

IBTrACS p  ssp exp SSp_exp SSp_exp SSp_exp
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Supplementary Table C.3: Largest sensitivity indices for future TC risk estimates. Highest first- (S1) and total-order

(ST) Sobol sensitivity indices for both risk metrics (expected annual damage (EAD) and 100-yr event (rp100)), expressed
in absolute values (USD) in the four study regions (North Atlantic/Eastern Pacific (AP), North Indian Ocean (I0), Southern
Hemisphere (SH), and North Western Pacific (WP) for both future periods (2050, 2090) and all four models (MIT, CHAZ,
STORM, IBTrACS_p. Indices colored blue pertain to the hazard component, green to the exposure and red to the impact

function. Plots showing all sensitivity indices can be found in Supplementary Figure C.3 and C.5.

region year model S1EAD S1rpl00 STEAD ST rpl00
AP 2050 MIT gc model gc model gc model gc model
CHAZ v_half v_half v_half v_half
STORM v_half v_half v_half v_half
IBTrACS p v _half v_half v_half v_half
2090 MIT gc_model  ssp_exp gc model  ssp_exp
CHAZ v_half v_half v_half v_half
STORM v_half v_half v_half v_half
IBTrACS p  N/A N/A N/A N/A
10 2050 MIT v_half v_half v_half v_half
CHAZ v_half v_half v_half v_half
STORM v_half v_half v_half v_half
IBTrACS p v _half v_half v_half v_half
2090 MIT v_half v_half v_half v_half
CHAZ v_half v_half v_half v_half
STORM N/A N/A N/A N/A
IBTrACS_p  v_half v_half v_half v_half
SH 2050 MIT v_half v_half v_half v_half
CHAZ v_half v_half v_half v_half
STORM v_half v_half v_half v_half
IBTrACS p v _half v_half v_half v_half
2090 MIT v_half SSp_exp v_half SSp_exp
CHAZ v_half v_half v_half v_half
STORM N/A N/A N/A N/A
IBTrACS_p  v_half v_half v_half v_half
WP 2050 MIT v_half v_half v_half v_half
CHAZ v_half v_half v_half v_half
STORM v_half v_half v_half v_half
IBTrACS p v _half v_half v_half v_half
2090 MIT v_half v_half v_half v_half
CHAZ v_half v_half v_half v_half
STORM N/A N/A N/A N/A
IBTrACS_p  v_half v_half v_half v_half
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Supplementary Figure C.6: EAD change in CHAZ apportioned to GCMs and TCGI variables. Model simulations of
the expected annual damage (EAD) change by 2050 (a, c, e, g) and 2090 (b, d, f, h) attributed to the six GCMs and two
moisture variables used in the TCGI underlying the CHAZ TC hazard sets. GCMs are ordered by increasing transient
climate response (TCR) values (Supplementary Table B.6), which are shown as black stars on a secondary y-axis. Results
are shown over the four study regions North Atlantic/Eastern Pacific (AP), North Indian Ocean (I0), Southern Hemisphere

(SH), and North Western Pacific (WP).
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Supplementary Figure C.7: RP100 change in CHAZ apportioned to GCMs and TCGI variables. Model simulations of
the 100-yr event (rp100) change by 2050 (a, c, e, g) and 2090 (b, d, f, h) attributed to the six GCMs and two moisture
variables used in the TCGI underlying the CHAZ TC hazard sets. GCMs are ordered by increasing transient climate response
(TCR) values (Supplementary Table B.6), which are shown as black stars on a secondary y-axis. Results are shown over
the four study regions North Atlantic/Eastern Pacific (AP), North Indian Ocean (I0), Southern Hemisphere (SH), and

North Western Pacific (WP).
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Supplementary Figure C.8: Frequency changes in CHAZ hazard sets. CHAZ hazard frequency change values for event
sets of the six different GCMs, separated by the two TCGI moisture variables (CRH, SD) and shown for two future time
periods (2050, 2090) and four study regions North Atlantic/Eastern Pacific (AP), North Indian Ocean (I0), Southern
Hemisphere (SH), and North Western Pacific (WP). Frequency change values were calculated relative to the historical
period and analyzed for the full event set, hence not limited to land-influencing storms. Additionally, transient climate

response (TCR) values for the six GCMs are shown on a secondary y-axis (see Supplementary Table B.6).
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Supplementary Figure C.9: Intensity changes in CHAZ hazard sets. CHAZ hazard intensity change values for event sets
of the six different GCMs, separated by the two TCGI moisture variables (CRH, SD) and shown for two future time periods
(2050, 2090) and four study regions North Atlantic/Eastern Pacific (AP), North Indian Ocean (I0), Southern Hemisphere
(SH), and North Western Pacific (WP). Intensity change values were derived for both wind models used in the hazard
generation (Holland, 2008; Emanuel, 2021). Intensity changes are calculated as the mean over the maximum sustained
wind speeds of all TCs in the future event sets minus the equivalent of the historical period. Note, we analyze the full
event set and do not limit the analysis to land-influencing storms. Additionally, transient climate response (TCR) values

for the six GCMs are shown on a secondary y-axis (see Supplementary Table B.6).
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