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Abstract: Global warming is altering the
frequency and severity of extreme weather
events, such as heatwaves, floods, and cy-
clones. These events have immediate, observ-
able impacts, such as economic losses or loss
of life. Extreme event attribution, initially
conceived as a tool for assessing liability for
damages, has rapidly evolved into various ap-
proaches aimed at quantifying the influence of
climate change on the dynamics, hazards, and
impacts of such extreme events. For some ex-
tremes, particularly those predominantly in-
fluenced by dynamics such as extratropical
storms, confidence in attribution and future
projections remains low.

In this thesis, we assess changes in ob-
served severe extratropical storms and their
meteorological hazards across Western Eu-
rope in a warmer climate. Some of the storms
analyzed are Alex, in October 2020, Xynthia,
in February 2010, and Eunice, in February
2022. Each of them exhibits unique charac-
teristics, yet we can identify similar patterns
for comparative analysis. Hence, we explore
the concept of weather analogues, which rep-
resent recurrent patterns of atmospheric cir-
culation. We identify analogues of severe ex-
tratropical storms in two different climates,
characterized by weak and strong human in-

fluence on climate, in both reanalysis and cli-
mate models. We found an increase in precip-
itation and wind speed associated with these
storms in a warmer world, with the drivers of
such changes varying from case to case.

While analyzing average large-scale pat-
terns in storms across the North Atlantic is
fundamental for understanding general trends
in dynamics and hazards in various locations,
focusing on specific storms, as conducted in
this thesis, can offer additional perspectives.
Specific storms result from a combination of
complex processes that might not be fully
captured in large-scale trends; thus, they can
serve as case studies for investigating the in-
fluence of climate change on their behavior.
By examining specific patterns and their ana-
logues, we acknowledge the chaotic nature of
the atmosphere, and by providing localized
assessments, we consider the specificities of
the area.

The tools presented here can be applied
to other extratropical storms worldwide to
enhance our comprehension and provide lo-
cal assessments. Our research combines me-
teorological knowledge with climate science,
aiming to understand the evolving nature
of severe storms and the hazards of climate
change.
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Résumé: Le réchauffement climatique al-
tere la fréquence et la sévérité des événe-
ments météorologiques extrémes, tels que
les vagues de chaleur, les inondations et
les tempétes. Ces événements ont des im-
pacts immédiats et observables, tels que des
pertes économiques ou des pertes de vie.
L’attribution des événements extrémes, ini-
tialement congue comme un outil d’évaluation
de la responsabilité des dommages, a rapide-
ment évolué vers différentes approches visant
a quantifier I'influence du changement clima-
tique sur la dynamique, les risques et les im-
pacts de tels événements extrémes. Pour cer-
tains extrémes, en particulier ceux principale-
ment influencés par la dynamique tels que
les tempétes extratropicales, la confiance dans
I’attribution et les projections futures reste
faible.

Dans cette these, nous évaluons les
changements observés dans les tempétes
extratropicales séveres et leurs risques
météorologiques en Europe occidentale dans
un climat plus chaud. Certaines des tempétes
analysées sont Alex, en octobre 2020, Xyn-
thia, en février 2010, et Eunice, en février
2022. Chacune présente des caractéristiques
uniques, mais nous pouvons identifier des mo-
tifs similaires pour une analyse comparative.
Ainsi, nous explorons le concept d’analogues
météorologiques, qui représentent des mo-
tifs récurrents de circulation atmosphérique.
Nous identifions des analogues de tempétes
extratropicales séveres dans deux climats dif-

férents, caractérisés par une faible et une forte
influence humaine sur le climat, dans les ré-
analyses et les modeles climatiques. Nous
avons constaté des augmentations cohérentes
des précipitations et de la vitesse du vent as-
sociées a ces tempétes dans un monde plus
chaud, les facteurs de ces changements vari-
ant d’un cas a l'autre.

Alors que l'analyse des modeles & grande
échelle des tempétes a travers I’Atlantique
Nord est fondamentale pour comprendre les
tendances générales dans la dynamique et les
risques dans divers endroits, se concentrer sur
des tempétes spécifiques, comme réalisé dans
cette these, peut offrir des perspectives sup-
plémentaires. Des tempétes spécifiques ré-
sultent d’une combinaison de processus com-
plexes, ce qui en fait des études de cas pré-
cieuses pour étudier l'influence du change-
ment climatique sur leur comportement. En
examinant des motifs spécifiques et leurs ana-
logues, nous reconnaissons la nature chao-
tique de 'atmosphere, et en fournissant des
évaluations localisées, nous tenons compte des
spécificités de la région.

Les outils présentés ici peuvent étre ap-
pliqués a d’autres tempétes extratropicales
dans le monde entier pour améliorer notre
compréhension et fournir des évaluations lo-
cales. Notre recherche combine les connais-
sances météorologiques avec les sciences cli-
matiques, dans le but de comprendre la na-
ture évolutive des tempétes violentes et les
risques du changement climatique.
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Objectives

This chapter aims to introduce background knowledge about Extreme Event At-
tribution and extratropical cyclones, as well as the research question and moti-
vation of this thesis.




Chapter 1. Introduction

1.1 Extreme Event Attribution

In 1856, Eunice Newton Foote conducted pioneering experiments in her home labora-
tory, discovering the greenhouse effect through observations of carbon dioxide and water
vapor. Despite her groundbreaking work, her recognition in the scientific community
remains limited. It was not until 1896 that Svante Arrhenius’s paper, ’'On the Influence
of Carbonic Acid in the Air upon the Temperature of the Ground,” gained widespread
acknowledgment for proposing the link between burning fossil fuels, increased carbon
dioxide, and rising temperatures.

In the 1960s, concerns about climate change emerged. In 1967, Syukuro Manabe
and Richard T. Wetherald estimated that doubling the CO5 concentration would lead to
a 2 K increase in atmospheric temperature (Manabe and Wetherald, 1967). Manabe’s
remarkable contributions earned him the 2021 Nobel Prize in Physics, shared with Klaus
Hasselmann and Giorgio Parisi, for creating a model that links weather and climate and

developing methods for identifying human influence on climate (Nobel Prize Outreach
AB, 2024).

The scientific community progressed in detecting and attributing climate change.
Detection involves observing statistically significant changes in the climate system, such
as mean temperature or extreme events. Attribution is the process of linking these ob-
served changes to specific causes, particularly discerning the extent of human activities’
contribution.

Following these advances, the Intergovernmental Panel on Climate Change (IPCC)
was established by the United Nations in 1988. The IPCC aims to provide comprehen-
sive reviews and regular assessments based on scientific evidence. The reports include
a chapter on detection and attribution. The IPCC’s Third Assessment Report in 2001
presented 'new and stronger evidence that most of the warming observed over the last
50 years is attributable to human activities’ (Watson and Core Writing Team (Eds.),
2001).

Discerning long-term, large-scale changes in the climate proves challenging. In con-
trast, our daily lives are impacted by weather variations. In 2003, Myles Allen under-
scored the significant damage caused by extreme weather (Allen, 2003). To illustrate,
he referenced an ongoing event in his region—a flooding of the River Thames. Allen
noted that people are generally more responsive to immediate concerns like rising insur-
ance premiums and falling property values than to broader global sustainability issues.
Stressing the need for a scientific foundation for fair compensation, he proposed quanti-
fying the change in the likelihood of an event relative to its preindustrial value, marking
the beginning of the Extreme Event Attribution (EEA) field.

Since then, more than 500 attribution studies disentangle the role of climate change
on extreme events (Carbon Brief, 2022), with an annual special issue in The Bulletin
of the American Meteorological Society (BAMS) since 2011 (Herring et al., 2022; Pe-
terson et al., 2012). The most studied events include heatwaves, rain and flooding
events, droughts, storms, and wildfires. However, there are still limited capabilities for
attributing some, especially smaller-scale events requiring high-resolution data, such as
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1.1. Extreme Event Attribution

localized floods, particularly in the Global South.

The motivation behind EEA research is diverse. Jézéquel et al. (2020) explored
EEA scientists’ motivations, identifying two main categories: (i) contributing to collec-
tive knowledge and (ii) potential instrumental applications, such as climate litigation
or infrastructure design. This thesis aligns more with the first group. The research
presented aims to enhance our understanding of impactful extratropical cyclones,
those that lead to wet and windy extremes, in the context of climate change.

In the following sections, I summarize the diverse approaches that have evolved over
the last few decades in EEA. I present various definitions of extreme events, tailored to
the objectives of studies. I also highlight some commonly used datasets in EEA, and
explore potential applications of this field.

1.1.1 Evolution of different approaches of EEA

The approaches I will describe subsequently can be grouped into two main categories:
the unconditional approach and the conditional approach. When comparing a climate
with natural forcings only to another with historical forcings, even with a certain level
of conditioning on atmospheric composition, the oceanic and atmospheric states are
left unconstrained. This is the unconditional approach, exemplified by the risk-based
approach. On the opposite end of the spectrum, the approaches that constrain the dy-
namics leading to the event, such as the analogues approach in which the synoptic atmo-
spheric circulation is somehow fixed, are the conditional approaches. Both approaches
may assess changes in the likelihood of the event, its magnitude, or a combination of
both.

a) Unconditional Approaches

Risk-Based Approach To the best of our knowledge, the first EEA study was done
by Stott et al. (2004). They applied the approach proposed by Allen (2003) on the
European heatwave of 2003, which has been estimated to cause 70,000 deaths (Robine
et al., 2008). Stott et al. (2004) introduced the Fraction of Attributable Risk (FAR) as
an index designed to quantify the change in the probability of occurrence in a climate
influenced by anthropogenic radiative forcing in comparison to a climate without climate
change. They found that the heatwave was at least two times more probable than it
would have been without climate change. The approach of comparing the change in
probabilities between two different worlds, generally with and without climate change,
has been called the risk-based approach.

As the first approach of EEA, many studies have been based on it (Philip et al.,
2020; Van Oldenborgh, 2007). In fact, most of the BAMS studies are based on this
probabilistic approach (Jézéquel et al., 2018b). These studies define a factual period,
which is generally a period characterized by a strong climate change signal (such as
the historical or more recent period), and a counterfactual period, representing the
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Chapter 1. Introduction

world that would have been without climate change (such as the pre-industrial climate).
There are variations, such as using atmosphere-only simulations and using sea surface
temperatures (SSTs) and sea ice as boundary conditions (Pall et al., 2011). Others
also use climate projections to evaluate the role of a stronger global warming signal
in the event’s future occurrence (e.g. Fischer and Knutti, 2015). Evaluating future
projections, as well as the possibility of unprecedented events (Harrington et al., 2022),
provides valuable information for the processes involved in adaptation decision-making
(Hazeleger et al., 2015).

It is important to note that this approach attributes a class of events, that is, events
of a similar or higher magnitude that the one observed. Taking the study by Emanuel
(2017) on hurricane Harvey as an example, the question to answer would be "how likely
is it that hurricane-induced flooding of Harvey’s magnitude will occur again?".

Impacts Attribution More recently, studies have applied the probabilistic approach
to directly attribute real impacts, such as mortality rates or economic losses, to anthro-
pogenic climate change. A pioneering study by Mitchell et al. (2016), quantified the
influence of anthropogenic climate change on heat-related mortality in Europe during
the 2003 heatwave. This study established a connection between temperature and mor-
tality through the use of an impact assessment model, and applied the FAR statistics.
Another example was presented by Litzow et al. (2021), who assessed the impact on the
sustainability of fisheries using Bayesian regression models. Perkins-Kirkpatrick et al.
(2022) attributed the maximum daily mortality in the UK during the summer of 2006
and the financial damages from a high rainfall event in New Zealand on April 4, 2017.
They employed "transfer functions' to link weather variables with impacts. Addition-
ally, they emphasized that the relationship between meteorological hazards and real
impacts is usually nonlinear, advocating for the inclusion of an assessment of both in
all attribution studies to better quantify the real impacts.

These impact attribution studies typically assume anthropogenic forcing as the pri-
mary driver without accounting for changes in other factors, such as exposure or the
"transfer function." In some cases, it is crucial to consider these factors. For instance, in-
creasing trends in damages due to natural disasters are often associated with an increase
in vulnerability and exposure (Visser et al., 2014). Therefore, while recent advancements
in this field have been noteworthy, there is room for improvement, such as accounting
for changes in additional factors to enhance the accuracy of the real impacts.

b) Conditional Approaches

Storylineapproach Trenberth et al. (2015) highlighted the challenges associated with
the risk-based approach when analyzing events strongly influenced by atmospheric cir-
culation patterns. They emphasized that forced circulation changes induced by external
factors like human activities are often smaller than the internal variability dominating
short-lived events. In addition, as pointed out by Shepherd (2014), uncertainty in the
future projections of dynamic changes is much higher than for the thermodynamics
response. Consequently, Trenberth et al. (2015) introduced an alternative approach.
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1.1. Extreme Event Attribution

Instead of comparing probabilities of an event, their aim was to address a different
question: given the weather pattern of an extreme event, how did the contributing fac-
tors unfold, and how the known thermodynamics signal played a role in each of them?
They illustrated this reasoning with examples, such as the 'snowmaggedon’ in Washing-
ton DC in February 2010, where unusually high SSTs contributed to the intensification
of the event by enhancing moisture content in the storm. The general approach of
disentangling the physical processes leading to the event assessing the role of climate
change on them, was later termed the storyline approach by Shepherd (2016). In such
approach, what is evaluated is the event itself, rather than a class of events. Some
examples or interpretations of the storyline approach are listed below.

Boulder Approach In a review paper on EEA; Otto (2017) mentioned the "Boulder
Approach', although other studies consider it part of the storyline approach (Jézéquel
et al., 2018b). This approach aims to analyze causal factors of extreme events without
quantifying their influence on the occurrence and without explicitly constraining the
circulation. One of the first examples was proposed by Hoerling et al. (2013), who ana-
lyzed the 2011 Texas drought/heat wave and estimated the anthropogenic contribution
of the drivers to the event.

Analogues Approach This method consists in dynamically constraining the circu-
lation pattern leading to extreme events (Yiou, 2014). An early example was presented
by Yiou et al. (2007), who identified analogues of the exceptionally warm fall/winter of
2006/2007 and observed that flow analogues were associated with colder temperatures.
Similarly, in a study by Cattiaux et al. (2010), daily-flow analogues of the cold winter
of 2010 were identified, and they showed that analogues in a past climate were linked
to even lower temperatures. The analogues approach has also been used to separate the
dynamics and thermodynamics signals (Vautard et al., 2016; Vautard et al., 2023; Yiou
et al., 2017).

Recently, Faranda et al. (2022) that I co-authored (included in Appendix D), intro-
duced a novel methodology within the analogues approach. We identified a specified
number of circulation patterns resembling those leading to extreme events in two cli-
mates—with weak and strong climate change signals—referring to them as analogues
of the event. Subsequently, we conducted a comparison of the meteorological hazards,
such as temperature or precipitation, of these analogues in both climates. Another ex-
ample of this approach was shown by Ginesta et al. (2023) (included in Appendix A).
In this study, we identified changes in meteorological hazards between the present and
a recent past climate of extratropical cyclone Alex, constraining the atmospheric sea
level pressure pattern to reassemble to the cyclonic low that caused the event. Chapter
2 is based on these two studies.

Spectrally nudged storyline Dynamic conditions are constrained through the
application of global spectral nudging (van Garderen et al., 2020). This technique
consists in constraining the large-scale circulation patterns of a high resolution model,
such as divergence and vorticity at upper levels in van Garderen et al. (2020), towards
reanalysis data. By employing this technique, it becomes possible to simulate extreme
weather events with high detail, and an assessment of the role of thermodynamics in
driving such extremes.



Chapter 1. Introduction

Forecast-based approach To our knowledge, the first study using a weather forecast
model for attribution was Lackmann et al 2015, who analyzed Hurricane Sandy in pre-
industrual and future climates using the Weather Research and Forecasting regional
model (WRF) driven by reanalysed SSTs. Meredith et al. (2015) performed an ensemble
sensitivity simulations using the WRF model and evaluated the role of the SST in the
Black sea in amplifying the 2012 Krymsk precipitation extreme. Another methodology
using weather forecasting models was proposed by Leach et al. (2021), in which they
used the ECMWF medium-range forecast model to attribute partially an increased CO2
concentrations to the European winter heatwave in February 2009. Notably, the degree
of conditioning to atmospheric circulation can be adjusted by modifying the lead time
of the simulations. Shorter lead times tightly constrain the circulation to the event,
while larger lead times incorporate dynamic responses.

c) On the gradual differences of the EEA framing

In unconditional approaches, the signal-to-noise ratio is low when the event is largely
driven by dynamics, resulting in inconclusive results on the role of climate change.
In addition, while using the null hypothesis of no climate change, they are prone to
Type II errors or false negatives. In such cases, Trenberth et al. (2015) proposed that
assessing how contributing factors might have been affected by known thermodynamics
could be more effective. This is because conditioning on dynamics filters out variability
significantly, leaving a more noticeable thermodynamic signal. However, they are prone
to false positives or Type I error. In addition, as noted by Otto et al. (2016), dynamics
can sometimes counteract or reinforce the thermodynamics signal, adding complexity
to the analysis (Faranda et al., 2020).

One of the earliest EEA studies where distinct approaches yielded apparently op-
posite climate change signals was observed in two studies that attributed the Russian
Heatwave of 2010. In one study, the authors stated that the event was largely driven
by natural variability (Dole et al., 2011). The other study, by Rahmstorf and Coumou
(2011), indicated that climate change increased the likelihood of occurrence. Otto et al.
(2012) conducted a study with the aim of reconciling these approaches, stating that
one study evaluated the magnitude of the event while the other assessed its frequency,
leading to potentially divergent climate change signals. However, they emphasized that
these studies are complementary, serving different purposes.

As stated by Lloyd and Oreskes (2018), some defenders of the conventional risk-based
approach argued that it would be more useful for stakeholders to know changes in the
overall risk or probability of an extreme rather than disentangling the different factors
that lead to it (or the deterministic storyline approach). However, Lloyd and Oreskes
(2018) suggested that there is "no single most relevant approach to all situations and all
questions'. The EEA studies combine different approaches and serve different purposes.
As stated by Otto (2023), differences in the EEA methods are gradual rather than
fundamental, and ideally a combination of different methods would provide a complete
and comprehensive attribution assessment (e.g. Tanaka et al., 2023). I interpret then
that EEA studies can be placed along a spectrum based on their framing, with different
approaches and purposes. I depict such gradual differences in figure 1.3, with a few
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studies mentioned earlier to illustrate these distinctions.

UNCONDITIONAL CONDITIONAL
e.g. NAT vs HIST e.g. on SSTs e.g. on synoptic pattern
MAGNITUDE Faranda et al 2022
FREQUENCY Stott et al. 2004 Pall et al. 2011 Jézéquel et al 2018
Leach et al 2021
COMBINATION lead time 3wk — 2wk —1d

Figure 1.1: Unconditional: Stott et al. (2004) compared two climates, one with nat-
ural forcing (NAT) and a historical climate (HIST) considering anthropogenic forcing,.
Pall et al. (2011) used an atmospheric circulation model with prescribed sea surface
temperature (SST) and sea ice depicting two different climates. Conditional: Faranda
et al. (2022) used the analogues approach to identify changes in the magnitude of the
events. Jézéquel et al. (2018a) compute the trends in the likelihood of the atmospheric
circulation pattern that lead to a particular extreme event. Leach et al. (2021) is a
forecast-based approach in which, by changing the lead time of the simulations, they
are able to change the level of conditioning (the lead time closest to the time of the
event is the most conditioned on the circulation).

1.1.2 Definition of an extreme event: dynamics, hazards, or im-
pacts

While all Extreme Event Attribution (EEA) studies share a common overarching pur-
pose — evaluating the role of climate change in observed extreme events — they diverge
in the definition of the extreme event. The definition of an extreme event is a subjective
key choice that might impact quantitatively the results of the attribution (Cattiaux and
Ribes, 2018). The choice of definition takes into account the variables considered, and
has an influence on the choice of the approach and datasets used. I categorize EEA
studies into three groups based on their definition, and show one example of each in
figure 1.2:

e Attribution by Dynamics: This category encompasses studies focused on un-
derstanding the dynamic processes leading to extreme events, often associated with
the storyline approach. For instance, consider a heatwave that produced extreme
temperatures. Attribution by dynamics would involve examining the synoptic cir-
culation that lead to the extreme temperatures.

e Attribution by Hazards: This category focuses on defining an event by its
meteorological hazards, such as high precipitation rates or extreme temperatures.
In the same heatwave example, attribution by hazards would consist in attributing
the extreme temperatures themselves, often using risk-based approaches.

o Attribution by Impacts: This category includes studies directly attributing
impacts, such as mortality rates or economic losses, to climate change. Continuing
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with the heatwave example, attribution by impacts would directly evaluate the
impact of climate change on the heat-related deaths.

HAZARDS
44:4 lﬂ
e.g. Stott et
al. [2004]
and WWA
e.g. Faranda et al, ]
e.g. Mitchell et
205 [ /2016
@ and Climameter 0o/ @
DYNAMICS IMPACTS

Figure 1.2: Stott et al. (2004) defines an extreme event as a threshold in temperature.
World Weather Attribution is an academic collaboration of rapid attribution studies
using the unconditional approach, by defining events as exceedances of a threshold of,
for example, temperature, precipitation, or wind speed. Faranda et al. (2022) defines an
extreme event based on its atmospheric circulation pattern. Climameter is an academic
collaboration of rapid attribution studies using the conditional approach, by defining
events based on their synoptic pressure pattern. Climameter and WWA are further
discussed in section 1.1.4. Mitchell et al. (2016) defines the event as the heat related
mortality.

1.1.3 Datasets

Observations or Reanalyses EEA studies incorporate observations and/or
reanalyses—which are climate models that assimilate historical observational data—to
quantitatively define the events. This step is crucial, as every EEA study requires suf-
ficient meteorological data to link it with observed impacts (Otto, 2023). For example,
Tradowsky et al. (2023) defined a flooding event based on the precursor rainfall due to
the lack of hydrological data. Many studies use observational data to complement their
attribution studies evaluating ongoing trends (King et al., 2015; Terray, 2023).

In some cases, studies base their results solely on observations or reanalysis datasets.
This proves particularly useful in cases where climate models struggle to reproduce the
event, and to avoid model uncertainty or hypothesize less about the data. Additionally,
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the near real-time availability of these datasets enables rapid attribution studies. How-
ever, the challenge lies in the potential influence of the dataset’s length, as long-term
observations are essential for discerning trends associated with anthropogenic climate
change, as well as on the data quality. Yet, the presence of internal variability in such
datasets can mask these trends. Some examples that base their results in observa-
tions are Cattiaux et al. (2010) and Van Oldenborgh et al. (2012). These observational
studies assess the overall effect of climate change trends, and to attribute these trends
specifically to anthropogenic radiative forcing requires either the use of climate models
or a thorough evaluation of the role of internal variability on the observed trends.

Weather Models Medium-range and seasonal weather forecasts have also been incor-
porated due to their capability to simulate specific extreme events (Hoerling et al., 2013;
Leach et al., 2021). Such forecast-based methodology requires the event to have been
well forecasted and represented as it happened. If this condition is accomplished, this
methodology has the advantage of not needing verification against observations, as well
as a higher-resolution and better representation of atmospheric and oceanic processes.

Climate Models The use of general circulation models (GCM) is important in attri-
bution studies because they enable the creation of two scenarios, factual and counterfac-
tual, with two different configurations to evaluate the role of specific factors. Generally,
a large ensemble is used to simulate both worlds, either by employing a single model and
slightly changing the initial conditions or physics, or using several models to account
for model uncertainty (e.g., from the Coupled Model Intercomparison Project, CMIP),
or a combination of these (e.g. Lewis et al., 2019; Lewis and Karoly, 2013).

A prerequisite for a model to fit for purpose is its ability to simulate the extreme
event studied. Therefore, the choice of model configuration firstly depends on the type
of extreme event under consideration. For example, some studies use regional high res-
olution models capable of simulating events like tropical cyclones (Lackmann, 2015),
while others can rely on relatively lower resolution models for events that are better
represented such as heatwaves that are highly affected by thermodynamics (Philip et
al., 2022). General circulation models are also employed to assess the role of specific
factors by constraining the simulations to them such as sea surface temperatures, at-
mospheric CO2, or aerosols. For example, comparing two atmosphere-only simulations
with different prescribed SSTs and sea ice (Christidis et al., 2013; Massey et al., 2015).

1.1.4 Applications of EEA

Despite the rapid growth of the EEA field, the majority of results have primarily aimed
at advancing knowledge and raising awareness. Limited attention has been given to
potential applications, such as supporting litigation or informing loss and damage ne-
gotiations. In the following section, I provide a few notions of some applications of the
EEA.



Chapter 1. Introduction

Liability The question Allen posed in the paper that gave birth to the EEA field was
as follows: "Will it ever be possible to sue anyone for damaging the climate?" This
question was the initial motivation of EEA — specifically, providing robust scientific
evidence to inform potential legal actions. Some studies have already been employed
in legal cases (Burger et al. (2020) and Marjanac and Patton (2018), for reviews on
climate litigation and EEA).

Legal Case Example: 'Juliana v. United States’ (Burger et al., 2020; Lloyd and
Shepherd, 2021). In 2015, 21 plaintiffs sued the United States. They claimed the
government, despite knowing about climate change for 50 years, failed to take sufficient
steps to cut fossil fuel emissions. The plaintiffs argued the government violated their
rights to a safe climate, causing harm to their life, well-being, and property, among
others. They sought a stronger plan for fossil fuel reduction, not monetary compensation
for the damages. The climate scientist Dr. Trenberth backed the plaintiffs with several
EEA studies, using the storyline approach (Juliana v. United States, 2016; Lloyd
and Shepherd, 2021; Trenberth et al., 2015). Trenberth analyzed factors behind each
event for each plaintiff, assessing the role of climate change. Defense counsel John
Weyant argued the claims were not precise, and the method ignored confounding factors,
like poor forest management leading to severe fires (Juliana v. United States, 2018;
Lloyd and Shepherd, 2021). However, Lloyd and Shepherd (2021) argued that making
statements about individual events based on general knowledge (the storyline approach)
is legitimate and valid when supported by evidence and an understanding of the factors
involved. The ’Juliana v. United States’ case is still ongoing (APNews, 2023; Kluger,
2024).

Loss and damage In the 'loss and damage’ (L&D) framework, the idea is that parties
more responsible for climate change compensate those less responsible for its impacts,
but its definition remains unclear. At COP27 in Egypt in 2022, a significant outcome
was the announcement of a planned L&D fund to assist low-emitting nations facing
climate change impacts, including extreme events.

Some suggest that EEA science could inform responsibilities for climate change
(Burger et al., 2020; Otto et al., 2017). However, its feasibility is still under discussion.
Jézéquel et al. (2019) explored the diversity of views regarding the use of EEA for
L&D through a series of interviews to both EEA scientists and L&D delegates. They
highlighted several hurdles that complicate the use of EEA for L&D, including technical
challenges, such as a lack of confidence in EEA results and difficulties in attributing
events in the most vulnerable countries, and political challenges, like the allocation of
responsibilities among emitters.

A recent debate has emerged on using EEA in L&D (King et al., 2023a; Noy et al.,
2023). King et al. (2023a) argues that EEA field is not ready yet to support the L&D
decision-making. They argue that there are few impact attribution studies, which in
turn pose several challenges (Perkins-Kirkpatrick et al., 2022). Additionally, King et al.
(2023a) point out limitations in attributing localized extreme events, such as hail or
tornadoes, and a lack of analyses in the Global South, among other issues. On the
other hand, a few months later, Noy et al. (2023) offered a contrasting perspective in
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direct response. They argue that EEA can play a constructive role in L&D, even if it
cannot capture local and small-scale events, suggesting that a regional assessment would
be sufficient. The article emphasizes that the most damaging events, such as extreme
temperatures or droughts, are well-modeled and captured by EEA. They further state
that existing literature on EEA, even in regions with less research, provides valuable
information on future events. They also stress the importance of considering literature
from related fields like economics or sociology, which have long studied changes in
exposure and vulnerability, especially in low-income regions. The conclusion drawn is
that EEA, while not perfect, is currently the best tool to inform L&D allocation, and
collaboration with vulnerable developing countries is essential.

Operationalization and Rapid Attribution There is an increasing interest in op-
erationalizing EEA as it plays a crucial role in raising awareness, as well as possibly
providing information for decision-making regarding adaptation or addressing loss and
damage (Stott and Christidis, 2023). The rapid evolution of this field has led to the
development of various projects by different groups aimed at providing rapid attribution
assessments or helping to build them:

o World Weather Attribution (WWA): Established in 2015, WWA employs peer-
reviewed methods (Philip et al., 2020) to offer a rapid and unconditional attri-
bution of recent extreme events. WWA evaluates changes in the intensity and
likelihood of extreme events globally, including cold spells, heatwaves, droughts,
storms, wildfires, and extreme rainfall. The events are defined in terms of meteo-
rological hazards, such as accumulated rainfall or temperature. They determine if
there is any detectable trend in intensity or probability using observational data,
as well as the return period of the event. Using climate models, they further assess
the change in the likelihood and magnitude in two 'worlds’: the current world with
1.2 K of global warming and a hypothetical world without anthropogenic climate
change. The methods are also being explored for potential application in National
Weather Services (Otto et al., 2022).

o Climameter: Founded in 2023, Climameter is a rapid and conditional attribution
framework primarily conceived by my supervisor, Davide Faranda, and further
supported by our team ESTIMR and international collaborators. Using peer-
reviewed methods (Faranda et al., 2022), Climameter uses reanalysis data to assess
changes in meteorological hazards conditional on the synoptic pattern of the latest
extreme weather events worlwide. Consequently, the event is defined based on its
dynamics, specifically its atmospheric synoptic pressure pattern.

e C20C + DEA project This is a subproject of the World Climate Research Pro-
gramme’s (WCRP) Climate Variability Programme’s (CLIVAR) Climate of the
20th Century Plus Project (C20C+). It aims at providing public large samples of
climate model data at relatively high resolution for rapid detection and attribution
purposes.

o Met Office Hadley Centre In this center, part of the United Kingdom’s national
weather service, they adapted a methodology for the attribution of extremes in
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near-real time and include the analysis in their assessements (Christidis, 2021).
They use an unconditional attribution approach, following the traditional risk-
based approach, and use coupled model data from large multi-model ensembles of
the CMIP6 project.

The rapid attributions by WWA and Climameter have gained substantial media at-
tention worldwide. While the primary goal of increasing awareness has shown promising
results, further investigation is required to determine the potential to fulfill additional
objectives.

1.1.5 Types of Extreme Events

The approaches described earlier can generally be applied to any type of extreme event.
The figure illustrates the number of attribution studies conducted between 2011 and
2022 in online searches through journals, including BAMS (statistics taken from Carbon
Brief (2022)), of the most extensively studied extremes. While the field of EEA is
expanding rapidly, with numerous additional studies in just two years, this overview
offers an approximation of the current state of the art.
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Figure 1.3: Source: statistics taken from Carbon Brief (2022).

In this thesis, our focus is on attributing extratropical cyclones (ETCs)—synoptic-
scale low-pressure systems in the mid-latitudes. The location and temporal variability
of ETCs determines the midlatitude climate. ETCs contribute substantially to total
precipitation, accounting for approximately 70% in extensive areas of Europe and North
America and up to 90% locally (Hawcroft et al., 2012). Moreover, the largest wind
speeds on record are associated with ETCs (Ulbrich et al., 2001). The upcoming section
provides insights into the nature of ETCs, with a special focus on the North Atlantic
and Mediterranean.
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1.2 Extratropical Cyclones

Extratropical cyclones, also referred to as mid-latitude storms, have the potential to
intensify and cause significant damages when making landfall. They pose the great-
est meteorological hazard in Europe, associated with both economic and non-economic
damages (Cusack, 2023). For instance, in the U.S., one of the most damaging ETCs in
recent years was Uri, causing economic losses of around $30 billion and insured losses
of approximately $15 billion (MunichRe, 2023). One of the most recent impactful Eu-
ropean ETCs,; Eunice (or Zeynep), hit western central Europe resulting in an economic
loss of nearly $6 billion and insured losses of almost $5 billion (MunichRe, 2023). Fu-
ture projections indicate an increased risk of windstorms in Europe (Pinto et al., 2012;
Priestley et al., 2023).

Conceptual models In contrast to the relatively recent field of EEA, the study of
ETCs has a rich history spanning over a century (Hinman, 1888; Schultz et al., 2019).
In the 1920s, the renowned Bergen school of meteorology, founded by Vilhelm Bjerknes,
focused on understanding ETCs using weather station data. Their key contribution
was the Norwegian cyclone model, a simple conceptual model of understanding ETC
structure and development (Bjerknes, 1919; Bjerknes and Solberg, 1922). In such a
model, a low pressure system is formed from a perturbation in the polar front, with
cold and warm fronts emerging from the center. As the system evolves, the cold front
"catches up" the warm front (or more correctly the fronts "wrap up', a clarification by
Schultz and Vaughan (2011)), causing the warm sector to narrow, and subsequently
forming the occluded front.

Advancements in technology, such as weather satellites and numerical weather pre-
diction models, have significantly enhanced our comprehension of these phenomena.
Several modelling studies that were able to simulate more realistic cyclones did not re-
produce the Norwegian-type of cyclone. Furthermore, these models frequently struggled
to forecast the development of explosive ETCs, commonly defined as those deepening
by at least 24 hPa in 24 hours and latitudinally adjusted (Sanders and Gyakum, 1980).
An example was the Presidents’ Day Snowstorm 1979 (Bosart, 1981), an explosive ETC
causing heavy snowfall in the northeastern USA. The difficulty in forecasting such im-
pactful ETCs triggered extensive research in the field.

Shapiro and Keyser (1990) observed that, for many cyclones, specially the most
intense, the structure did not correspond to the Norwegian model, and proposed another
conceptual model (depicted in figure 1.4, from Martinez-Alvarado et al. (2014)). In the
development stage, they observed a cold fracture, that is, a separation of the cold front
aligning near perpendicular to the warm front—a shape that has been called T-bone
structure. In later stages, the warm front wraps up in the center of the cyclone forming
a warm-core seclusion. This study demonstrates that a universal model capable of
perfectly describing the lifecycles of all ETCs does not exist, given the broad spectrum
of characteristics and evolution inherent in these cyclones. Each ETC is unique due
to the complex interplay between baroclinic and diabatic processes that contribute to
their formation, development, and dissipation.
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Advancements in numerical modeling have yielded new conceptual models and iden-
tified mesoscale features that play a role in ETC development (Dacre, 2020). THe main
airflows include:

o Warm Conveyor Belt (WCB): Warm, moist airstream that flows northeastward
into the cyclone, originating in the warm sector of the cyclone (or ahead of the
cold front). It plays a crucial role in transporting warm and moist air into the
cyclone’s core.

+ Cold Conveyor Belt (CCB): A cold airstream that flows southward and eastward,
wrapping around the western side of the cyclone. It originates from the northwest
quadrant of the cyclone and brings cold air equatorward.

e Dry Intrusion (DI): A drier airstream that descends from the upper troposphere
into the cyclone’s circulation. Dry intrusions often occur on the western side of
the cyclone and can disrupt cloud patterns and affect the structure of the ETC.

 Sting Jets (SJ): Mesoscale wind maxima at the south of the low center associated
with descent air from the mid-troposphere formed along the bent-back front (BBF).
They are typically found in cyclones over the ocean that exhibit the evolution of
Shapiro—Keyser cyclone. This phenomenon is rarer than the previous ones.

~400 hPa
WCE2

~300 hPa WCEB1 ~300hPa

~1000 hPa

system's ~1 500 km
direction

of travel

>

Figure 1.4: Figure from Martinez-Alvarado et al. (2014). Structure of a Shapiro-Keyser
type cyclone in the Northern Hemisphere (NH).
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1.2.1 Climatology and variability of storm tracks

Storm tracks, the preferred regions where ETCs travel, have been under study since the
mid-nineteenth century (Hinman, 1888). Petterssen (1956) identified, based on weather
charts, three regions with the maximum number of ETCs in the Northern Hemisphere:
from east China extending across the Pacific, from the eastern Rockies extending across
the Atlantic, and over the Mediterranean. Notably, cyclogenesis predominantly occurs
on the westward side of these basins, and this spatial distribution remains consistent
today. The methods employed to study storm tracks can be broadly categorized into
two approaches:

Eulerian approach The Eulerian approach focuses on the spatial distribution and
frequency of ETCs in a particular region, analyzing them at fixed points in space. This
method is especially useful for understanding the climatology and long-term patterns of
storm tracks. One technique involves applying time filtering to gridded analysis maps,
for example identifying disturbances with 2-6 day (synoptic) periods. This approach
can be applied to various variables at different levels, such as sea level pressure, 300
hPa height, 500hPa wind statistics, 850 hPa temperature, or eddy poleward heat flux
(Blackmon et al., 1977; Hoskins and Hodges, 2002).

Lagrangian approach The Lagrangian approach consists of following the paths of
individual ETCs or weather systems. It is useful for studying specific individual ETCs.
The variables used to identify and track such systems include, for example, minima in
mean sea level pressure or maxima in low-level relative vorticity (Hoskins and Hodges,
2002). The ETCs counts and tracks may vary substantially depending on the tracking
algorithm used, specially for weak ETCs (Neu et al., 2013).

The seasonal climatology has been extensively studied using both Eulerian and La-
grangian approaches. Figure 1.5, from Shaw et al. (2016), shows the winter storm tracks
in the Northern Hemisphere (NH) (December-February, DJF) and Southern Hemisphere
(SH) (June-August, JJA).

In this thesis, we focus on the ETCs in the North Atlantic and Mediterranean. In
the North Atlantic, the position of the storm track is strongly linked to the North
Atlantic Oscillation (NAO), which is the principal mode of atmospheric variability in
the basin. In NAO positive phases, the storm track and jet are shifted northeastward,
and extreme and explosive ETCs occur more frequently (Gémara et al., 2014; Pinto et
al., 2009). In NAO negative phases, the storm track shifts southward, and ETCs tracks
are more zonally oriented. The North Atlantic storm track density has a maximum in
winter, when the meridional temperature gradient is strongest (Hoskins and Hodges,
2019a). In winters of strong jet, a midwinter minimum in the Atlantic storm activity
has been recently identified (Afargan and Kaspi, 2017). The ETC intensity is minimum
in summer, when the meridional temperature gradient is weakest, and the tracks are
generally displaced polewards until autumn. Notably, in the eastern North Atlantic and
parts of western Europe, this poleward shift is less pronounced, and there is almost no
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Figure 1.5: Winter storm tracks in the Northern Hemisphere (NH) (Decem-
ber-February, DJF) and Southern Hemisphere (SH) (June-August, JJA) using ERA-
Interim reanalysis. Black contours show ETC track density. Blue lines show individual
ETCs tracks for the top 0.5% most intense cyclones. Shading corresponds to the eddy
kinetic energy. Figure from Shaw et al. (2016).

shift from September to March (Hoskins and Hodges, 2019b).

In the Mediterranean, ETCs are generally shorter-lived, slower, and smaller in size
compared to the Atlantic ETCs (Flaounas et al., 2022). Mediterranecan ETCs are
more frequent in winter, while in summer ETCs occurrences are frequent over North
Africa. Intense ETCs predominantly occur in winter in the northwestern part of the
basin, covering the Tyrrhenian and Adriatic seas (figure 1.6), with frequent cyclogenesis
leeward of the Alps. Explosive Mediterranean ETCs mainly occur over the Ligurian sea
(Kouroutzoglou et al., 2011).

1.2.2 Processes and dynamics of cyclogenesis
a) Baroclinic Instability

The fundamental mechanism in the formation of ETCs is baroclinic instability (Charney,
1947; Eady, 1949). Baroclinic instability is closely related to an horizontal tempera-
ture gradient in the atmosphere. In the approximation of the wind being geostrophic
and in hydrostatic equilibrium, this gradient is proportional to the vertical wind shear,
a relationship known as the thermal wind balance. The magnitude of low-level baro-
clinicity is often assessed through the maximum Eady Growth Rate, which is directly
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Figure 1.6: Number of intense cyclones over the 45 years of the ERA-40 period at
mature stage. Figure from Homar et al. (2006), modified by Flaounas et al. (2022).

proportional to the meridional temperature gradient and inversely proportional to static
stability, and serves as an indicator of the possibility of development of ETCs. High
baroclinicity is observed on the eastern coast of the US, driven by a strong meridional
temperature gradient resulting mainly from land-sea temperature contrast and the Gulf
Stream, along with the influence of orography (Brayshaw et al., 2009, 2011). The in-
teraction with Rossby waves, characterized by large-scale meanders or undulations on
the upper-level flow, amplifies or triggers the growth of unstable waves in these regions,
which manifest as a series of ETCs separated by regions of high pressure. These cyclones
grow by converting available potential energy into kinetic energy.

A useful way to describe baroclinic instability is through the potential vorticity
(PV) framework (Hoskins et al., 1985). PV, proportional to the product of absolute
vorticity and stability, is conserved under adiabatic conditions. Changes in PV are
determined by advection, with further changes attributed to non-conservative processes
or diabatic effects. Understanding the ETC development from the PV perspective
involves a combination of different PV anomalies: an upper-level trough (or positive PV
anomaly) moving over a region of baroclinicity or a meridional temperature gradient,
along with diabatically produced low-level PV anomalies that can intensify the ETC
(Davis and Emanuel, 1991). Diabatic heating and low-level PV production mainly occur
from latent heat release of cloud formation in the WCB (Wernli and Davies, 1997).

Diabatic PV production can intensify ETCs, playing a significant role in the rapid
intensification of ETCs (Binder et al., 2016; Schemm, 2023). Case studies on explosive
ETCs highlight the crucial role of latent heating in explosively intensifying ETCs (Fink
et al., 2012; Ludwig et al., 2014). However, the relative contribution of diabatic effects
on the cyclone intensification can vary significantly from case to case.
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b) Influential factors of cyclogenesis

The synoptic conditions that lead to the development of ETCs might be diverse. There
have been attempts to classify them according to, for example, their upper level versus
lower level forcings (Catto (2016) for a review on ETCs classification). Petterssen and
Smebye (1971) categorized two types of ETC; the first being predominantly low-level
forced and with a constant tilt between the surface low and upper trough, while the
second is strongly upper-level forced with a decreasing westward tilt along development.
Dacre and Gray (2009) noted a prevalence of this second type in the western Atlantic.
Deveson et al. (2002) introduced a third type as those characterized by strong upper-
level forcing, weak low-level baroclinicity, and a significant role of diabatic heating in
their intensification. Dacre and Gray (2009) found that they are more prevalent in the
eastern North Atlantic than in the western region. This type exhibits shorter lifetimes,
faster intensification, and develops in regions with weaker low-level baroclinicity and
lower stability. Priestley et al. (2020a) noted that in the central and eastern Atlantic,
ETCs often form on the trailing fronts of preexisting ETCs, a type known as secondary
ETCs. Many secondary ETCs develop explosively, posing significant hazards in Europe.

Flaounas et al. (2021) analyzed Mediterranean ETCs from a PV perspective and
showed that stronger baroclinic forcing is associated with a decreased influence of dia-
batic processes on cyclone development, and vice versa; their relative contribution might
vary from case to case. In addition, the complex topography in the Mediterranean, spe-
cially high mountain ranges such as the Alps, plays a key role in cyclogenesis (Buzzi
et al., 2020; Speranza et al., 1985). Deep lee ETCs often occur when upper-level PV
anomalies approach the Alps from the northwest, and the block of the mountains leads
to a drop in pressure on the south side of the mountains. This creates a reinforcement
between the upper and lower level PV anomalies. Additional mechanisms may arise
from the extratropical transition of hurricanes in the tropical Atlantic, such as directly
moving to the Mediterranean basin, inducing strong humidity advection, or perturbing
the mid-latitude flow downstream. When hurricanes interact with the mid-latitude flow,
they can perturb cyclogenesis in remote regions from the hurricane, potentially leading
to intense precipitation events in the Mediterranean (Grams et al., 2011; Pantillon et
al., 2013; Pantillon et al., 2015).

1.2.3 ETCs representation
a) Reanalyses

Typically, the performance of models used in simulating ETCs is compared with re-
analysis products. Hodges et al. (2011) compared four reanalyses and observed an
overall improvement in agreement with the higher-resolution versions, consistent with
advancements in models, data assimilation, and increased observational input. In gen-
eral, higher-resolution reanalyses identify more ETCs, although there is more agreement
among reanalyses of different resolutions regarding deep cyclones (Tilinina et al., 2013;
Wang et al., 2016).
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1.2. Extratropical Cyclones

In this thesis we use the recent presatellite backward extension of ERA5 reanalysis
to 1950 Hersbach et al. (2020). ERADJ reanalysis is the fifth version of the ECMWF
reanalysis, within the Copernicus Climate Change Service (C3S). It is based on the
Integrated Forecasting System (IFS) Cy41r2, and has a resolution of 31 km and hourly
output data. Bell et al. (2021) showed satisfactory performance of the backward exten-
sion, particularly in terms of inter-monthly variability in precipitation and temperature
trends. They further found high confidence in the representation of synoptic details of
the 1953 North Sea storm, along with an improvement over lower temporal and spa-
tial resolution reanalysis. Recent findings by Karwat et al. (2022) highlight agreement
with the standard ERAH reanalysis spanning from 1979, and found to perform well in
depicting Northern Hemisphere storm-related characteristics, including frequency, size,
and intensity.

b) General Circulation Models

The General Circulation Models (GCMs) contributing to the CMIP project have been
shown to capture the general characteristics such as frequency and intensity of the ETCs.
However, the models generally depict a too zonal storm track and too zonal jet stream
in the North Atlantic winter, and an underestimation of the ETCs density in summer
(Priestley et al., 2020b). Priestley et al. (2020b) further found that CMIP6 models
tend to underestimate the frequency and intensity of explosive cyclones, especially in
lower-resolution models. Such biases show a progressive reduction in later versions, with
CMIP6 performing better than CMIP5 and CMIP3 (Harvey et al., 2020). These later
versions have made improvements mainly in model physics and increased resolution.

In chapter 4 we mainly use a large ensemble from the GCM Community Earth
System Model (CESM-LE) (Kay et al., 2015). Dolores-Tesillos et al. (2022) assessed the
model’s performance in reproducing ETCs comparing with ERA-Interim. They found
that the model tends to underestimate the number of ETCs over the North Atlantic
ocean and particularly over the western Mediterranean, and to overestimate it between
Iceland and Norway. In contrast to many CMIP models, the model does not exhibit a
too zonal storm track. Raible et al. (2018) noted that the CESM slightly overestimates
ETC depth and underestimates ETC-associated precipitation and radius. However,
despite these biases, both studies demonstrate that the model effectively reproduces
ETCs, with biases becoming more apparent when analyzing weak cyclones.

Joos et al. (2023) evaluated the CESM performance in capturing the WCBs, which,
as discussed, are the ascending airstreams responsible for most of the precipitation of the
ETCs. They found that, overall, the model effectively represents WCBs characteristics,
including frequency and pressure evolution. Differences identified were suggested to be
at least partially attributed to internal variability. In addition, Binder et al. (2023)
found that in the winter Northern Hemisphere, the model captures well the deepening
rates of the ETCs, although it underestimates those of the most explosive ones. For the
ETCs with the strongest deepening and most intense WCBs, the diabatically produced
low-level PV anomaly is underestimated.
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c) Regional Climate Models

In this thesis we also use Regional Circulation Models (RCMs). RCMs are capable of en-
hancing regional details, including topography, and depict smaller-scale processes more
effectively than GCMs. Reale et al. (2022) and Flaounas et al. (2022) have shown the
accurate representation of the climatology of Mediterranean cyclones by RCMs. How-
ever, it is essential to acknowledge certain limitations of RCMs, such as the influence
of boundary conditions provided by driving GCMs. In chapter 3, we use the exist-
ing EURO-CORDEX simulations—a coordinated downscaling experiment, part of the
CORDEX initiative by the World Climate Research Programme (WCRP), to produce
improved regional climate change projections.

1.2.4 Observed changes and future projections

Several studies have examined the impacts of climate change on ETCs. The pattern
of such changes in the North Atlantic is complex, shaped by a tug of war between
different opposing processes (Shaw et al., 2016). These include a decrease in the lower-
troposphere baroclinicity due to the Arctic Amplification and an increase in the upper-
level baroclinicity due to the upper tropospheric warming (Shaw et al., 2016; Stendel
et al., 2021). Further factors involve changes in atmospheric latent heat release (Binder
et al., 2023; Willison et al., 2013), vertical stratification (Pfahl et al., 2015), or land-sea
temperature contrast (Portal et al., 2022). The effects of these complex changes on
ETCs can manifest diversely, ranging from shifts in their frequency of occurrence to
changes in their intensity.

Observed Changes Tilinina et al. (2013) identified substantial decadal variability in
the number of very deep cyclones (<960 hPa) in the North Atlantic, with an increase
from 1979 to 1990 followed by a subsequent decline. They further found an increase
in the number of winter ETCs, and a decrease in summer. As stated in Chapter 11 of
the last IPCC Sixth Assessment Report Working Group 1, there is "low confidence in
past-century trends in the number and intensity of the strongest ETCs". More recently,
Karwat et al. (2022) found a non-significant positive trend in the number of North
Atlantic ETCs and a significant northward shift, using the ERAS reanalysis from 1950.
They also observed an increase in intensity and persistence, and higher wind speeds in
the most intense ETCs since 1979.

Future Projections In a warmer climate, an increase in precipitation associated with
ETCs is one of the most robust projections under climate change, linked to an increase
in low-level moisture content (Seneviratne et al., 2021). However, changes in ETC
dynamics can counteract the thermodynamic effect on overall precipitation regionally;
for example, a projected decline in Mediterranean ETC activity leads to a localized
decrease in total precipitation (Zappa et al., 2015). Changes in dynamics, including
ETC-associated wind speed or the storm track position, are more uncertain. Zappa
et al. (2013) used CMIP5 models, and identified a tripolar pattern in the frequency
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1.2. Extratropical Cyclones

of winter ETCs in the North Atlantic: an increase in central Europe and a decrease
in the Norwegian and Mediterranean Seas. Seiler and Zwiers (2016) found a localized
increase in the number of explosive ETCs in the British Isles and North Sea, as well as
a general decrease in the North Atlantic, albeit with a slight intensification. Catto et al.
(2019), Feser et al. (2015), Seneviratne et al. (2021), and Ulbrich et al. (2009) provide
complete reviews on the future trends. Figure 1.7 summarizes the processes involved
in the future changes to ETCs features, taken from the review by Catto et al. (2019).
Below, I update these reviews with more recent studies.

(a) Present day ETCs (b) Future ETCs
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Figure 1.7: Schematic diagram summarizing future changes to ETCs in the NH. Figure
from Catto et al. (2019).

Priestley and Catto (2022) used historical simulations and various future scenarios
of several models of the CMIP6. They identified a winter extension of the storm activity
into Europe, and decrease in the Mediterranean, aligning with the findings by Zappa et
al. (2013) using an older generation of CMIP. Additionally, they identified an increase in
Northern Hemisphere ETC intensity, particularly in the most extreme cyclones (higher
vorticity and lower mean sea level pressure), and an increase in the ETC-associated
wind speed on the southern flank. Little et al. (2023) found a similar pattern. Dolores-
Tesillos et al. (2022) used the large ensemble CESM-LE with the worst-case scenario
from the CMIP5 project. They identified an increase frequency of ETCs north of the
UK, especially for the most intense ETCs, and a decrease in the Mediterranean. They
also found a reduced ETC intensity in the Mediterranean but an increase in western
Scandinavia and central Europe, measured by 850hPa relative vorticity.

Focusing on the Mediterranean region, Reale et al. (2022) used multiple regional
climate models from the Med-CORDEX initiative (Ruti et al., 2016). They found
a winter decrease in ETC activity, consistent with Zappa et al. (2015), along with
a decrease in ETC intensity (measured using mean sea level pressure) and increased
ETC-associated wind speed in the Central Mediterranean.
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1.3 Research Questions

Numerous EEA studies have investigated extreme wet or windy events using the proba-
bilistic unconditional approach (Eden et al., 2018; Philip et al., 2018; Tradowsky et al.,
2023). Vautard et al. (2019) analyzed the influence of climate change on two explosive
ETCs that occurred in January 2018, Friederike and Eleanor. They defined the events
as an exceedance of a threshold of winter maximum daily wind speed over a limited
region.

In the context of storyline attribution studies of storms, much of the focus has been
on tropical cyclones (e.g. Patricola and Wehner, 2018). The prevalent approach involves
using high-resolution weather forecast simulations, incorporating the climate change ef-
fect into the initial and/or boundary conditions. However, there has been relatively
less exploration in attributing ETCs through a conditional approach. Hawkins et al.
(2023) employed a reanalysis-based approach, by re-runs with perturbed sea surface
temperatures. Ermis et al. (2023) (conference abstract) applied a forecast-based ap-
proach similar to that in Leach et al. (2021) to analyze storm Eunice, which notably
impacted the United Kingdom in February 2022, and which will later appear again in
this thesis.

The last IPCC report stated that "Specific studies attributing changes in the most
extreme ETCs are not available. The human influence on individual extreme ETC
events has been considered only a few times and there is overall low confidence in the
attribution of these changes" (Seneviratne et al. (2021), section 11.7.2.3).

The primary objective of this thesis is to address this gap by adapting the conditional
analogues approach to the analysis of severe ETCs, and illustrating the methods on high
impact case studies. Hence, we aim at answering the following questions:

 Q1: How can we define an analogue of an ETC that leads to a wet and
windy extreme event?

We explore different definitions of an analogue based on the dynamics (Chapters
2 and 4) and a combination of both, dynamics and hazards (Chapter 3).

e Q2: Can we identify ongoing changes in the meteorological hazards,
such as precipitation and wind speed, in a severe ETC?

We address this question in Chapter 2. This chapter presents a methodology to
identify analogues based on the dynamics that lead to the wet and windy extreme
event. In particular, we identify analogues of the sea level pressure pattern of
an ETC that affected France and Italy in October 2020, named storm Alex. We
compare the meteorological hazards of the analogues, namely precipitation and
wind speed, between factual and counterfactual periods.

¢« Q3: How can we apply the analogues approach in ETCs that occur in
regions of complex topography and are associated with heavy rainfall
or strong winds regionally?
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In Chapter 3, we introduce a multivariate approach for identifying analogues based
on the sea level pressure pattern, as well as meteorological hazards. This method-
ology is particularly suitable for small-scale, shallow ETCs with the potential to
induce substantial local impacts, influenced by factors such as topography or the
advection of warm, humid air. To illustrate this approach, we examine two extreme
events in Italy driven by Mediterranean ETCs: flooding (Acqua Alta) events in
Venice, characterized by exceptionally high water levels in the Venetian Lagoon,
and flooding events in Emilia Romagna.

Q4: How will some North Atlantic explosive ETCs that had strong
impacts in Europe change in a future climate in terms of frequency and
magnitude?

Chapter 4 identifies analogues of the track of an ETC until its mature stage to
consider its explosive deepening. We further assess changes in the frequency and
magnitude of explosive ETCs, as well as the dynamics behind such changes. We
illustrate this with three explosive ETCs that affected the western coast of Europe:
Xynthia in February 2010, Alex in October 2020, and Eunice in February 2022.
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Résumé en Francais

Attribution des Evénements Extrémes

Le domaine de attribution des événements extrémes (EEA) a émergé au
début des années 2000. Son objectif est d’évaluer comment le changement clima-
tique en cours a influencé les événements extrémes observés, tels que les cyclones
extratropicaux intenses. Depuis lors, plus de 500 études d’attribution ont analysé
le role du changement climatique sur les événements extrémes.

Les approches de 'EEA peuvent étre regroupées en deux grandes catégories:
I’approche inconditionnelle et ’approche conditionnelle. L’approche incondition-
nelle, qui repose sur une méthode probabiliste (appelée "risk based"), est la plus
traditionnelle. Dans cette approche, I’événement est défini par un indice, tel
que les précipitations sur une période donnée ou les températures extrémes dans
une région spécifique. La probabilité de cet événement est évaluée dans deux
climats différents: 'un avec le réchauffement climatique et l'autre sans. Les
circulations atmosphériques et océaniques ne sont pas restreintes a 1’événement
observable. D’un autre c6té, les approches qui contraignent les dynamiques con-
duisant a I’événement, comme 'approche par analogues ou la circulation atmo-
sphérique synoptique est en quelque sorte fixée, relevent de 'approche condition-
nelle. Ces deux approches peuvent évaluer les changements dans la probabilité de
I’événement, son intensité, ou une combinaison des deux. De plus, les événements
extrémes peuvent étre définis par leur dynamique, comme la circulation atmo-
sphérique qui mene a I’événement; par leurs aléas, incluant des facteurs comme
les précipitations ou la vitesse du vent; ou par leurs impacts, tels que la mortalité
due a la chaleur ou les pertes économiques d’une tempéte. Les applications de
I’EEA sont diverses, incluant la communication aupres des média et du public,
I’adaptation au changement climatique, et I’évaluation de la responsabilité ou les
pertes et préjudices.

Dans cette these, je vais appliquer les méthodes de 'EEA pour améliorer
notre compréhension de 'impact du changement climatique sur certains cyclones
extratropicaux observés dans I’Atlantique Nord et en Méditerranée, particuliere-
ment ceux qui entrainent des extrémes pluvieux et venteux.

Cyclones Extratropicaux

Les cyclones extratropicaux (CET), ou tempétes de latitudes moyennes,
sont des systemes synoptiques de basse pression dans les latitudes moyennes.
L’emplacement et la variabilité temporelle des CET déterminent le climat
des latitudes moyennes. Les CET intenses représentent le plus grand dan-
ger météorologique en Europe, associés a des dommages économiques et non
économiques.

Le mécanisme fondamental derriere la cyclogenese, ou formation d'un CET,
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est I'instabilité barocline. L’instabilité barocline est étroitement liée a un gradi-
ent de température horizontal dans 'atmosphere, et elle est maximale en hiver
(Décembre a Février dans I'hémisphere nord). L’activité des CET est la plus
intense dans le bassin nord-est de I’Atlantique, pres de Terre-Neuve, en hiver,
lorsque le gradient de température méridienne est le plus prononcé. La trajec-
toire des tempétes, c’est-a-dire les régions préférées ou les CET se déplacent,
est inclinée du sud-est au nord-ouest. En Méditerranée, les CET sont générale-
ment de plus courte durée, plus lents et plus petits par rapport aux CET de
I’Atlantique. Les CET méditerranéens intenses se produisent principalement en
hiver dans la partie nord-ouest du bassin.

Plusieurs études ont examiné les impacts du changement climatique sur les
CET. La maniere dont ces changements se produisent dans I’Atlantique Nord est
complexe, influencée par un équilibre délicat entre différents processus contra-
dictoires. Ceux-ci incluent une diminution de la baroclinicité de la troposphere
inférieure due a l'amplification arctique et une augmentation de la baroclinic-
ité de la troposphére supérieure due au réchauffement troposphérique supérieur.
D’autres facteurs impliquent des changements dans la libération de chaleur la-
tente atmosphérique, la stratification verticale ou le contraste de température
entre la terre et la mer. Comme indiqué dans le chapitre 11 du dernier rapport
d’évaluation du GIEC du groupe de travail 1, il y a une faible confiance dans les
tendances du siecle passé concernant le nombre et 'intensité des CET les plus
forts.

Dans un climat plus chaud, une augmentation des précipitations associées
aux CET est I'une des projections les plus robustes sous le changement clima-
tique, liée & une augmentation de la teneur en humidité des basses couches. Les
changements dans la dynamique, y compris leur vitesse de vent associée ou la
position de la trajectoire des tempétes, sont plus incertains. Plusieurs études ont
identifié un modele tripolaire dans la fréquence et l'intensité des CET hivernaux
dans I’Atlantique Nord: une augmentation en Europe centrale et une diminution
dans les mers norvégienne et méditerranéenne.

Problématiques de Recherche

Alors que 'analyse des tendances générales du comportement des tempétes
offre une compréhension fondamentale des dangers potentiels du changement cli-
matique, il est crucial de reconnaitre que des tempétes spécifiques peuvent présen-
ter des caractéristiques uniques. Cela découle du fait que ces tempétes sont influ-
encées par une combinaison de facteurs qui peuvent ne pas étre précisément cap-
turés dans les tendances globales, en raison de la nature chaotique de I’atmosphere
et des interactions non linéaires. De plus, différentes régions peuvent présenter
des conditions environnementales uniques, telles que la topographie locale ou les
courants océaniques, ce qui influe sur le comportement des tempétes de maniere
variée selon les zones. Le dernier rapport du GIEC indique que "les études spéci-
fiques attribuant des changements aux cyclones extratropicaux les plus extrémes
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ne sont pas disponibles. L’influence humaine sur les événements individuels de
cyclones extratropicaux extrémes n’a été considérée que quelques fois et il y a une
confiance globalement faible dans I'attribution de ces changements'. L’objectif
principal de cette these est de combler cette lacune en adaptant 'approche des
analogues conditionnels a l’analyse des cyclones extratropicaux séveres et en il-
lustrant ces méthodes a travers des études de cas a fort impact. Ainsi, nous
cherchons a répondre aux questions suivantes:

e Q1: Comment pouvons-nous définir un analogue d’'un CET qui méne a un
événement extréme pluvieux et venteux?

e Q2: Pouvons-nous identifier des changements en cours dans les dangers
météorologiques, tels que les précipitations et la vitesse du vent, dans un
CET sévere?

e Q3: Comment pouvons-nous appliquer 'approche des analogues aux CET
qui se produisent dans des régions de topographie complexe et sont associés
a de fortes précipitations ou des vents forts régionalement?

o Q4: Comment certains CET explosifs de 1’Atlantique Nord, qui ont eu de
forts impacts en Europe, changeront-ils dans un climat futur en termes de
fréquence et de magnitude?
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Chapter 2

An Introduction to a
Conditional Extreme Event
Attribution Approach

Objectives

In this chapter, I present a conditional approach for attributing extratropical
cyclones to climate change, using the method of analogues of sea level pressure
pattern. This approach is illustrated through an analysis of Storm Alex, which
impacted France and Italy in early October 2020.
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2.1 Introduction

When I joined the laboratory as a PhD student, my supervisors and other colleagues
were actively engaged in various projects related to the detection and attribution of
extreme events (e.g., XAIDA and EDIPI, two European Union’s Horizon 2020 research
and innovation programmes under grant agreements No 101003469 and No 956396,
respectively). A key objective of our group was to formulate a methodology for at-
tributing extreme events to climate change conditioned on the atmospheric circulation.
My task was to adapt this methodology to extratropical cyclones leading to wet and
windy extremes.

This exploration resulted in my first two publications. The first, a collaborative
effort with colleagues and led by Davide Faranda, introduces a methodology within
the analogues approach to attribute extreme events conditioned on the atmospheric
circulation (Faranda et al., 2022). This study, included in Appendix D, illustrates the
methodology on several extreme events that happened in 2021. I was responsible to
analyze storm Filomena, which affected Spain in January 2021 with high amounts of
snow. The second publication, led by myself, sets the basis of the methodology for
extratropical cyclones (Ginesta et al., 2023).

To illustrate the methodology, we chose to examine storm Alex that impacted France
and Italy in 2020. Our choice reflects the tendency among climate scientists to inves-
tigate extreme phenomena that directly affect their own regions, as highlighted by
Jézéquel et al. (2018b). In addition, there was raising concern in French media on un-
derstanding this event and my supervisors were interviewed. Consequently, the choice
of this storm emerged from its proximity and its significance in both scientific and media
contexts.

2.2 Article published in Climate Dynamics

The article is included in the Appendix A. I provide below an extended summary.

Ginesta, M., Yiou, P., Messori, G., Faranda, D. A methodology for attributing
severe extratropical cyclones to climate change based on reanalysis data: the case study
of storm Alex 2020. Clim Dyn 61, 229-253 (2023). hitps://doi.org/10.1007/500382-
022-06565-x

Extended Summary

Storm Alex impacted southwestern Europe at the beginning of October 2020, resulting
in over 20 fatalities and an estimated economic loss exceeding 2.5 billion euros. Regions
in southern France and northern Italy recorded unprecedented levels of precipitation,
such as 630 mm in just 24 hours in Sambughetto.
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We use ERA5 reanalysis data (Hersbach et al., 2020) —which combines observational
data with model outputs — as a proxy for the true state of the atmosphere to assess
ongoing changes. We define two different climate periods: a past period from 1950
to 1984 (counterfactual), and a more recent period, from 1986 to 2021 (factual). The
latter represents a climate largely influenced by anthropogenic emissions, whereas in
the former, the human influence on climate is comparatively weaker. This assumption
is supported by a substantial change in the effective-radiative forcing from the 1980s
onwards, as shown in Figure 2.10 of Chapter 2 in the last IPCC Sixth Assessment
Report (Gulev et al., 2021). However, due to the relatively short time periods used, our
findings may also be influenced by internal variability of the climate system.

We identify 30 analogues of Alex when the cyclone reached its minimum sea-level
pressure on October 2, 2020, at 06:00 UTC in each of the periods. To do this, we
calculate the Euclidean distance between Alex’s sea-level pressure map and all other
timesteps and select the 30 with the minimum spatially-averaged distance.

We observed that the pressure field of the factual analogues shows a more meridion-
ally elongated wave pattern compared to the counterfactual analogues, characterized by
positive anomalies at both the surface and mid-troposphere in the North Atlantic and
negative surface anomalies on the southern flank of the low-pressure system (Fig. 2.1).
We then compared the meteorological hazards in both periods and found an increase in
precipitation and wind gusts in Southern France and Northern Italy, the regions most
affected by the cyclone, in the factual period compared to the counterfactual (Fig. 2.2).
We further found that Alex-like storms are more persistent in the factual and that they
become more frequent in autumn. Therefore, these changes collectively indicate that
Alex-like storms are more impactful and common in a warmer climate.

[1950-1984]

[1986-2021]-[1950-1984

(h) 7500 [1986-2021]-

Figure 2.1: Factual minus counterfactual differences of sea level pressure (SLP, d) and
geopotential height at 500hPa (Z500, h). Coloured contours show the differences while
grey contours show the counterfactual absolute values. Shading shows statistically sig-
nificant differences. In all panels, negative values are stippled. This figure corresponds
to Figures 2(d) and 2(h) of Ginesta et al. (2023).

2.3 Additional analyses

In the following sections, I perform additional analyses to Ginesta et al. (2023) to:
validate the findings by testing them under different parameters (section 2.3.1), quantify
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Figure 2.2: Difference between the composite of factual and counterfactual analogues
for (d) 24-hour accumulated precipitation (PR) and (1) maximum 10m wind gust within
24 hours (WG). This figure corresponds to to Figures 7(d) and 7(1) of Ginesta et al.
(2023).

the contribution of internal variability (section 2.3.2), and compare with other studies
that asses general trends averaging over multiple cyclones in the North Atlantic basin
(section 2.3.3). These additional analyses serve to strengthen the robustness of our
results.

2.3.1 Parameter sensitivity tests

The presented methodology depends on different parameters, such as the number of
analogues and the spatial domain used to identify the analogues.

a) Number of analogues

We explored the sensitivity to a selection of K = 30 analogues by calculating the
FEuclidean distance between Alex and its analogues across a range of analogue numbers,
spanning from K = 5 to K = 150 with 5-unit intervals (Fig. 2.3a). The Euclidean
distance exhibits a pronounced increase from 5 to approximately 50 analogues, after
which it levels off (Fig. 2.3a). We also determined the slope at each point, representing
the change in distance for a specific number of analogues (Fig. 2.3b). Notably, the
point at 30 aligns approximately with the elbow of the slope curve. This particular
point reflects a compromise, balancing the need for statistical robustness with the need
for relatively high-quality analogues. Moreover, beyond this point, the rate of change
in Euclidean distances starts to slow down significantly, indicating that adding more
analogues after this point does not substantially enhance the overall accuracy of the
analysis.

We repeated the study using 25 and 50 analogues without finding substantial changes
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Figure 2.3: a) Mean Euclidean distance between the sea level pressure map of Alex and
its analogues as a function of the number of analogues. b) Slope of the mean Euclidean
distance curve as a function of the number of analogues.

(Fig. 2.4). However, for more than 50 analogues the factual minus counterfactual differ-
ences become weaker. Hence, for a number of analogues larger than 50, the differences
might be largely marked by the diversity in the cyclone patterns and are therefore not
statistically significant.

SLP[1986-2021] - [1950-1984] 20 analogues

=

—400 —300 —-200 -100

Figure 2.4: Factual minus counterfactual differences of sea level pressure (a, ¢) and Z500
(b, ¢) of the composites with 20 analogues (a, b) and 50 analogues (c, d). Colored con-
tours indicate differences, while grey contours represent counterfactual absolute values.
Shading shows statistically significant differences. Negative values in (a,c) are stippled.

Hence, the sensitivity analysis on the number of analogues showed that selecting
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30 analogues is a trade-off between statistical robustness and analogues quality, as it
aligns with an elbow in the Euclidean distance curve. Repeating the study with 25 and
40 analogues showed no substantial changes, while beyond 50 analogues, differences in
outcomes became weaker, potentially influenced by cyclone pattern diversity.

b) Spatial domain to identify analogues

We conducted sensitivity tests by changing the spatial domain for identifying analogues,
extending the search by up to 10 degrees in both longitude and latitude (dashed black
boxes in Fig. 2.5). When opting for a larger domain, the positive sea level pressure
anomalies within the cyclone core are more pronounced compared to a smaller domain
(Fig. 2.6). In the North Atlantic, negative anomalies are weaker for the larger domain,
but the large-scale spatial patterns are similar. The differences, i.e., factual minus
counterfactual, in sea level pressure and geopotential height are also larger in magnitude
for the smaller domain than the larger one (Fig. 2.5). By construction, for the smaller
domain the analogues do not give any weight to the large-scale circulation over the
eastern North Atlantic, within which cyclone Alex matured. Thus the quality of the
analogues is closely steered by the core of the depression itself, while larger variations can
occur elsewhere in the domain. On the contrary, for a larger domain, remote circulation
features that do not have a direct impact on Alex, and the subsequent extreme weather
in Europe play a role in determining analogue quality.

2.3.2 Assessment of the role of internal variability

Changes in weather patterns across distant locations on Earth can be attributed to
common climate variability phenomena, including El Nino, i.e. warm SST anomalies in
the eastern tropical Pacific, and other large-scale atmospheric oscillations. This simul-
taneous alteration of weather conditions in two remote locations influenced by the same
climate variability phenomena is referred to as teleconnection, representing a manifes-
tation of atmospheric internal variability (Bjerknes, 1969; Liu and Alexander, 2007).
This teleconnection is facilitated by atmospheric circulation patterns that transfer infor-
mation, such as the propagation of Rossby waves. Numerous studies have investigated
the impact of specific climate variability phenomena and their associated teleconnec-
tions on European weather. For instance, the El Nino-Southern Oscillation (ENSO)
has traditionally been associated with the North Atlantic Oscillation (NAO) pattern,
wherein a positive (negative) ENSO aligns with a negative (positive) NAO, and some
studies have further evaluated the nonlinearities of such teleconnection (King et al.,
2023b). However, recent work by Mezzina et al. (2020) has raised questions about the
robustness of this ENSO-NAO relationship. The mechanisms and dynamics governing
teleconnection patterns and their impacts remain subjects of uncertainty and ongoing
investigation.

We evaluate the possible link of the main sources of internal variability, namely
ENSO, Atlantic Multidecadal Oscillation (AMO), and the Pacific Decadal Oscillation
(PDO), with the observed changes. We determine the ENSO, AMO, and PDO in-
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7500 [1986-2021]-[1950-1984] small domain

Figure 2.5: Factual minus counterfactual differences of sea level pressure (a, c¢) and
2500 (b, d) of the analogues found with a smaller domain (a, b) and a larger domain
(¢, d). The domain used for analogue identification is depicted by the dashed black
box. Colored contours indicate differences, while grey contours represent counterfactual
absolute values. Shading shows statistically significant differences.

dices for the analogues of each corresponding period. Figure 2.7 shows the distribution
of these indices. This analysis reveals no substantial change in the internal variabil-
ity indices of AMO and PDO. However, ENSO may have contributed to the observed
changes, as evidenced by a shift towards positive values in the factual climate. Conse-
quently, we conclude that the previously observed results might be partially attributed
to alterations in the ENSO pattern.

2.3.3 Comparison with general trends of North Atlantic Winter
Cyclones

During the time I conducted the revisions of this paper, Karwat et al. (2022) were
also undergoing peer review for their study on the Long-Term Trends of Northern
Hemispheric Winter Cyclones, using the recently updated Extended ERA5 Reanalysis.
They showed that the pre-satellite ERA5 data in the Backward Extension (1950-1978)
is suitable for long-term studies, and is consistent with the previous ERA5 dataset
(1979-2021). This offers further validation of the dataset in our analysis. Their results
also show a non-significant increase in the number of extratropical cyclones in the North
Atlantic, as well as an increase in storminess or cyclone intensity. They observed a de-
crease in cyclone speed, indicative of increased persistence, and a poleward displacement
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(a) SLP [1950-1984] anomalies small domain ) ZG [1950-1984] anomalies small domain

60°W 40°W 20°W 0° 20°E 60°W 40°W 20°W 0 20°E

-18 -12 -6 0 6 12 18 —-400 -300 -200 -100 O 100 200 300 400
hPa hPa
(c) SLP [1950-1984] anomalies large domain
=

60°W 40°W 20°W 0° 20°E 60°W 40°W

0 6 12 18 —-400 -300 -200 -100 O 100 200 300 400
hPa hPa

Figure 2.6: Counterfactual anomalies of sea level pressure (a, ¢) and Z500 (b, d) of the
analogues found with the smaller domain (a, b) and the larger domain (c, d).
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Figure 2.7: Boxplots for all analogues in both counterfactual and factual periods of the
different internal variability indices: ENSO, AMO, and PDO. A Mann-Whitney test is
used to identify statistical differences in both distributions, with the null hypothesis of
no significant difference between the periods. The p-value is shown in the title. We use
monthly indices produced by NOAA/ERSSTv5; for ENSO the index is Nino3.4. Dots
show the values for Alex.

of the cyclones. Thus, the increase in persistence and the latitudinal displacement of
Alex agree with the trends in the basin. Conversely, Karwat et al. (2022) found a signif-
icant decrease in the mean precipitation associated with the cyclones, but an increase
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in the years with extremes. They also found an increase in the maximum wind gust
of the most intense cyclones in the most recent period, from 1979 to present, but no
trends considering the whole period.

Considering both the similarities and differences of trends of Alex compared to
general patterns, I argue that while general trends often reflect dominant patterns ob-
served across larger scales, individual storms can deviate from these trends due to their
sensitivity to localized conditions and the dynamic nature of atmospheric and oceanic
processes.
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2.4 Summary and conclusions

In this chapter, we introduced a methodology that enables the comparison of precipi-
tation and wind speed in two climates, counterfactual and factual, conditioned on the
observed pressure pattern. We illustrated it on storm Alex, and found that similar cy-
clones exhibit increased persistence and precipitation in the factual climate compared
to the counterfactual.

Building on the work of Faranda et al. (2022), our studies contribute to a
novel methodology for attributing extreme events. These studies served as method-
ological validation for the development of Climameter led by Davide Faranda
(https://www.climameter.org/). This accessible tool facilitates rapid attribution stud-
ies of extreme events, supporting media efforts to raise awareness of the effects of climate
change.

While Climameter adopts a conditional approach, the "World Weather At-
tribution” (WWA) is another collaborative initiative of rapid extreme event at-
tribution that uses an unconditional framework. =~ WWA defines events based
on meteorological hazards, including precipitation, wind speed, and temperature
(https://www.worldweatherattribution.org/). The next chapter presents a methodol-
ogy that aims to combine these two approaches by defining an event and its analogues
based on both dynamics and hazards.
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Résumé en Francais

Dans ce chapitre, je présente une méthodologie pour attribuer les cyclones ex-
tratropicaux observés au changement climatique, en l'illustrant avec la tempéte
Alex. Cette méthodologie est décrite dans I'article publié dans Climate Dynam-
ics intitulé "A methodology to attribute extratropical cyclones to climate change:
the case study of Storm Alex 2020".

La tempéte Alex a touché le sud-ouest de I'Europe au début d’octobre 2020,
causant plus de 20 morts et des pertes économiques estimées a plus de 2,5 milliards
d’euros. Des régions du sud de la France et du nord de I'Italie ont enregistré des
niveaux de précipitations sans précédent.

Nous utilisons les données de réanalyse ERA5 et définissons deux périodes
climatiques différentes: une période passée de 1950 a 1984 (contre-factuelle), et
une période plus récente, de 1986 a 2021 (factuelle). Cette derniére représente
un climat largement influencé par les émissions anthropiques, et dans la premiere
Iinfluence humaine sur le climat est comparativement plus faible. Nous identi-
fions 30 analogues d’Alex lorsque le cyclone a atteint sa pression au niveau de
la mer minimale le 2 octobre 2020, & 06:00 UTC pour chaque période (factuelle
et contre-factuelle). Pour ce faire, nous calculons la distance euclidienne entre la
carte de pression au niveau de la mer d’Alex et toutes les autres étapes de temps,
puis sélectionnons les 30 étapes — analogues — avec la distance spatiale moyenne
minimale.

Nous avons observé que le champ de pression des analogues factuels montre
une configuration d’onde plus allongée méridionalement par rapport aux ana-
logues contre-factuels, caractérisé par des anomalies de pression positives a la
surface et en moyenne troposphere dans I’Atlantique Nord et des anomalies néga-
tives a la surface sur le flanc sud du systéme de basse pression. Nous avons
ensuite comparé les aléas météorologiques dans les deux périodes et constaté une
augmentation des précipitations et des rafales de vent dans le sud de la France
et le nord de I'Italie, les régions les plus touchées par le cyclone, dans la période
factuelle par rapport a la période contre-factuelle. Nous avons également constaté
que les tempétes de type Alex sont plus persistantes dans la période factuelle et
deviennent plus fréquentes en automne. Ces changements indiquent collective-
ment que les tempétes de type Alex sont plus impactantes et communes dans un
climat plus chaud. Nous avons également trouvé que la variabilité interne, en
particulier le mode ENSO (Oscillation australe El Nifo), pourrait expliquer en
partie ces différences.

37



Chapter 2. An Introduction to a Conditional Extreme Event Attribution Approach

38



Chapter 3

A Multivariate Extreme Event
Attribution Approach

In this chapter, I expand on the conditional approach introduced in Chapter 2,
presenting a multivariate approach to identify analogues of extratropical cyclones.
Analogues are defined based on sea level pressure patterns and other relevant
meteorological variables, such as precipitation and wind speed. The first part
illustrates the approach on flooding events in Venice (Acqua Alta), while the
second part refines the methodology and applies it to attribute and project the
Emilia Romagna floods in 2023.
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3.1 Introduction

In this chapter, I revisit the methodology introduced in Chapter 2, where we initially
defined an analogue as a function of the atmospheric pressure pattern. Here, I extend
the definition of an event to encompass meteorological hazards, including precipitation
and wind speed. The integration of meteorological hazards on the event definition aligns
with the risk-based approach, while maintaining the definition based on the pressure
pattern corresponds to the analogues approach. Therefore, the goal of this chapter is
to bring these two approaches together, combining the quantification of meteorological
hazards with the synoptic-scale configuration of the atmosphere — an approach we
term multivariate approach.

I first applied this multivariate approach to abnormal high-water events in Venice,
known as Acqua Alta. In a paper led by Davide Faranda (Faranda et al., 2023), included
in Appendix D, we attributed the Acqua Alta events to ongoing climate change. My
contribution involved formulating and applying the methodology; I defined an analogue
considering the atmospheric pressure pattern as well as regional precipitation and the
Sirocco wind — a warm, humid southeasterly wind from the Adriatic Sea—relevant to
the local Acqua Alta phenomena. The approach and application are shown in section
3.2.

Furthermore, in section 3.3 I illustrate the methodology to flooding events in Emilia
Romagna in May 2023, marked by three storms on the 2nd, 10th, and 16th. I assess
how the magnitude of the event has changed compared to the past and examine future
projections. To achieve this, I use ERA5 reanalysis and the high-resolution regional
multi-model ensemble EURO-CORDEX (Jacob et al., 2014).

3.2 Methodology and example of application: Acqua
Alta events

The analogue method starts by identifying the variables that best represent the event.
Subsequently, events with similar characteristics in terms of these variables are identi-
fied. In this multivariate approach, two categories of variables are distinguished: those
associated with the atmospheric circulation pattern and dynamics, which could be rep-
resented, for example, by sea level pressure, and others that incorporate meteorological
hazards variables providing insights into the physical state of the atmosphere, such as
precipitation or wind speed. Consequently, the goal is to identify analogues based on
atmospheric pressure patterns, with a further focus on narrowing down this search to
regional meteorological hazards.

I applied this approach to four Acqua Alta events in Venice (Faranda et al., 2023).
The atmospheric configuration in all the events was a low-pressure system over the
northwestern Mediterranean, and can be characterized by the sea level pressure pattern.
The meteorological variables that are linked to Acqua Alta events are precipitation and
Scirocco winds. The Scirocco wind is a local wind over the Adriatic Sea from the
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southeast (135°) that advects warm, humid air into the Gulf of Venice. Scirocco wind
is calculated using the 10m zonal (u) and meridional (v) wind components (eq. (3.1)):

WS = Uyom €0S(135°) 4 v1gy, sin(135°). (3.1)

Thus, the three variables — sea level pressure (slp), total precipitation (pr), and
Scirocco wind speed (ws) — are used to identify analogues of Acqua Alta events. Figure
3.1a—c shows the slp, pr, and ws components of the Acqua Alta event on the 4th of

November 1966.

We then normalize each field ¢ = {slp, pr, ws} at each grid point. We use min-max
normalization, based on the minimum and maximum values observed throughout the
1950-2022 period (eq. (3.2)). This process ensures that each variable is transformed
into a comparable scale from 0 to 1 across the specified time period. The normalized
fields are depicted in Figure 3.1d-f.

A(t)ij — Ominsij (3.2)

d)scaled,i,j =
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Figure 3.1: (a—c) ERA5 6-hourly sea level pressure (slp), total precipitation (pr), and
Scirocco wind speed (ws) on the 4th November 1966 at 12 UTC. (d-f) Normalized fields
of figure 3.1, using 1950-2022 as reference period.

Subsequently, spatially averaged Euclidean distances are computed for the normal-
ized fields, resulting in three time series representing the Euclidean distances between
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the event and all other time steps. These individual Euclidean distances are then com-
bined to form the pseudo-distance (eq. (3.3)):

1) = \/datp(1)? + (1) + duss(0)2 (3.3)

We term it a pseudo-distance rather than a distance because it does not satisfy the
properties of a Euclidean distance within the given phase space of slp, pr, and ws. The
combination used to calculate pseudo-distances inherently assigns more weight to the
slp distances compared to pr or ws. The slp field tends to be smoother than pr or ws.
pr and ws are significantly influenced by topography and have a higher frequency of
variations both temporally and locally. Consequently, the Euclidean distances between
normalized slp fields are considerably smaller than those of pr and ws. This reasoning
justifies the prioritization of the slp or the consideration of a separate dynamical part.

In the final step, identifying the best analogues involves selecting those with the
lowest pseudo-distances. Following Ginesta et al. (2023), the search for analogues is
prohibited within a seven-day window centered on the event date and the event itself is
excluded within its respective period.

This methodology was specifically tailored for these events. In the following sec-
tion, I introduce a broader multivariate approach where I define a total distance that
treats all variables equally. This approach can be used for a wider range of events and
combinations of different variables.
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3.3 Refined Multivariate Approach and application to
the Emilia-Romagna floods of May 2023

3.3.1 Introduction and context of the study

The March—May period of 2023 was the third-warmest on record globally and the 19th
warmest in Italy on record (NOAA, 2023). Southwestern Europe, including northern
Italy, was experiencing drought conditions. However, the drought in Italy was partially
recovered at the beginning of May due to regional intense rainfall. In May, the region
of Emilia Romagna in the northeastern part of Italy, with its capital in Bologna, expe-
rienced a sequence of flooding events over the first two weeks. The first flood occurred
on the 2nd of May, resulting in the loss of two lives. The second event, on the 10th of
May, was comparatively less severe. The third event, on the 16th of May, was the most
impactful one resulting in 16 fatalities.

These three events were caused by a serial clustering of three extratropical cyclones,
that is, the passage of three low pressure systems over the same region in a short period
of time (Dacre and Pinto, 2020; Pinto et al., 2014). The three cyclones were located
over the Thyrrenian sea when they caused high amounts of rainfall. Notably, the first
rainfall event, on the 2nd of May, occurred after a prior period of drought, causing
high amounts of rainfall over the dry and impermeable ground. The subsequent heavy
rainfall events were followed by intensified flooding, as the soil was already saturated.
The combination of these factors triggered rapid saturation and runoff.

A study by the World Weather Attribution (WWA), published soon after the event,
found a limited role of climate change in the heavy rainfall that led to the floods in
Emilia Romagna (Barnes et al., 2023). The report gained coverage in international
and Italian media soon shortly after publication (Fraser-Baxter, 2023; Lombroso, 2023;
Rinnovabili.it, 2023; Sabelli, 2023). The WWA study was a rapid unconditional attri-
bution study that defined the extreme event as the maximum accumulated precipitation
over 21 days between April and June over Emilia Romagna. The study used observa-
tional data from weather stations, reanalyses, and multi-model ensembles, to evaluate
trends from observations, model performance, and multi-method multi-model attribu-
tion. They found that in the present the event has a return period of 1 in a 200 years
event, with no change in a past climate. In addition, they found that none of the models
show statistically significant changes in the likelihood or intensity of such event.

We acknowledge certain limitations in the study. The severity of the event was
not solely determined by continuous rainfall over 21 days but was also influenced by
the intensity of each of the three storms. Additionally, the combination of dry soil
conditions before the event and saturated runoff conditions after the initial flooding
played a significant role. To address these limitations, collaboration was initiated with
researchers from Italy, including Erika Coppola, Chen Lu, Valerio Lembo, Tommaso
Alberti, and Federico Grazzini.

In collaboration with these researchers, our aim is to provide a complementary
analysis from different perspectives. Chen Lu and Erika Coppola applied a risk-based
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approach, defining the event as the wettest 3 days in May. Preliminary results indicate
a significant increase in both intensity and likelihood of the event with global warming,
although these results are provisional and not presented here.

My role is to specifically focus on the impact of climate change on the intensity of
each of the three storms separately, using the analogue multivariate approach. In the
following sections, I present the analogue multivariate approach, redefined with respect
to the previous section. We assess detected changes in pressure, precipitation, and wind
speed of the events by comparing a past counterfactual with a factual climate using
ERA5. Following that, we evaluate future projections using a high resolution multi-
model ensemble within the World Climate Research Program Coordinated Regional
Downscaling Experiment EURO-CORDEX initivative (https://cordex.org/; Giorgi et
al. (2009)). We compare the present-like or factual climate with a future counterfactual
represented by the climate at the end of the 21st century. It is important to note that
we only use a subset of the EURO-CORDEX simulations, specifically those publicly
accessible and hosted on our server. We are currently working on applying the following
methodology to all EURO-CORDEX simulations.

3.3.2 Datasets and Methods

We use the ERA5S reanalysis dataset (Hersbach et al., 2020) for the characterisation
of the events and the identification of the analogues in two climates. The atmospheric
horizontal resolution is 31 km. We evaluate ongoing changes in the magnitude of the
events from 1950 to 2022. We split the period in two 35—year periods, similar to Ginesta
et al. (2023); a factual period, from 1987 to 2022, and a counterfactual period, from
1950 to 1985. We refer to them as past and present, respectively. We use daily data
for the months of March, April, May, and June (MAMJ), of sea level pressure (slp),
daily averaged precipitation rate (referred to as precipitation from hereafter, pr), and
daily averaged wind speed (ws).

We use high-resolution regional climate models (RCMs) due to their added value
in simulating phenomena over complex topography and smaller-scale atmospheric pro-
cesses compared to general circulation models (GCMs) (Feser et al., 2011). Our study
involves 19 simulations within the World Climate Research Program Coordinated Re-
gional Downscaling Experiment EURO-CORDEX initiative at 0.11° (around 12 km)
horizontal atmospheric resolution. The regional simulations were obtained by down-
scaling several GCMs from the Coupled Model Intercomparison Project 5 (CMIP5)
global climate projections. The driving GCMs and the driven RCMs used are listed in
Table 3.1. We compare two climates: a factual one from 1970 to 2000 representing a
present-like climate and a future counterfactual from 2070 to 2100, using the Represen-
tative Concentration Pathway RCP8.5, representing the worst-case scenario. We refer
to them as historical and future, respectively.

To allow a comparison between models and ERA5 we interpolate the horizontal grid
of the higher resolution (model) to match that of the lower resolution (ERA5). To do
that, we use the CDO — Climate Data Operators software (Schulzweida et al., 2019).
We employ nearest neighbor remapping for pr, "cdo remapnn,” and distance-weighted
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average remapping for slp and ws, "cdo remapdis". The nearest neighbors remapping
is suitable for pr due to its discontinuous nature, ensuring an accurate representation
of localized effects. In contrast, distance-weighted average remapping is applied to slp
and ws to ensure a seamless transition between grid points, particularly for variables
with smooth and gradual changes.

RCM GCM Institute ID Label
GERICS-REMO02015 CCCma-CanESM2 GERICS A
GERICS-REMO2015 S%{M'CERFACS'CNRM' GERICS B
GERICS-REMO02015 IPSLIPSL-CM5A-MR GERICS C
GERICS-REMO2015 MIROC-MIROC5 GERICS D
GERICS-REMO02015 NCC-NorESM1-M GERICS E
CLMeom-CCLMa-g-17 | (M OPRIACS CREM o ppeon, F
CLMcom-CCLM48-17 | MPLM-MPIESMLR CLMcom G
CLMeom-ETH-COSMO- | 1oppc po-pARTH CLMcom-ETH | H
crCLIM-v1-1

CLMcom-ETH-COSMO-

LML MPL-M-MPL-ESM-LR CLMcom-ETH | I
DMI-HIRHAMS5 ICHEC-EC-EARTH DMI J
DMI-HIRHAMG MPL-M-MPL-ESM-LR DMI K
KNMI-RACMO22E ICHEC-EC-EARTH KNMI L
KNMI-RACMO22E MPL-M-MPLI-ESM-LR KNMI M
IPSL-WRF381P IPSL-IPSL-CM5A-MR IPSL N
[PSL-WRF381P MOHC-HadGEM2-ES IPSL 0
IPSL-WRF381P NCC-NorESM1-M IPSL P
CNRM-ALADING3 MPI-M-MPLESM-LR CNRM Q
CNRM-ALADING3 NCC-NorESMI-M CNRM R
MPLI-CSC-REMO2009 | MPI-M-MPLESM-LR MPIL-CSC S

Table 3.1: List of RCM-GCM combinations with corresponding institutions. Last col-
umn shows the label for figures 3.6, 3.10,3.11,3.12.

a) Methods

Similar to Faranda et al. (2022) and Ginesta et al. (2023), we identify a fixed number of
analogues in two distinct periods characterized by different radiative forcing. Analogues
are determined based on slp, pr and ws. Unlike the previous section, we do not con-
strain the wind speed to have a specific direction due to limitations in data availability
from high-resolution models. Nevertheless, our analysis using ERA5 data reveals no
significant differences when considering the northeastern component of the wind speed,
which is the one mostly linked to rain in the region (not shown).

For searching analogues, we constrain variables within two different domains: a
large-scale domain [4E-21E, 36N-49N] for slp and a regional domain [10E-15E, 43N—
46N] for pr and ws (see figure 3.3). This two-domain approach enables us to account
for the entire low-pressure system configuration leading to the event while emphasizing
the region with the highest meteorological hazards.
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We proceed with normalizing the fields using quantile normalization. First, we
compute the empirical cumulative distribution function (ECDF), a statistical tool that
represents cumulative probability against data values. Mathematically, the ECDF p(z)
is expressed as:

p(x) = Pr{X <z}

For illustration purposes, figure 3.2 displays the ECDF for slp, pr, and ws using
ERA5 data, for a random grid point, at 43.5° of latitude and 12° of longitude. Given its
highly skewed distribution, values equal to 0 were excluded from the computation of the
ECDF for pr. This exclusion simply ensures a better representation of the normalized
fields up to saturation in figure 3.2b. Consequently, the ECDF for pr saturates at
approximately 0.8, indicating that around 20% of values are missing—specifically, the
values equal to 0 that were removed. The horizontal dashed red line in the figure
represents the normalized value for the event on the 2nd of May at this grid point.
The reference periods for ECDF computation are 1950 to 2022 for ERA5 data and the
historical period for the EURO-CORDEX models.

a) ECDFg, ) ECDF,, Q) ECDF s
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hPa mm/day

Figure 3.2: Empirical Cumulative Distribution Function (ECDF) for a specific grid
point [43.5°N 12°E] using ERAS5 data from 1950 to 2022. The red dashed lines indicate
the point or quantile to which the ECDF for the event on the 2nd of May 2023 at this
specific grid point belongs. a) shows the ECDF for sea level pressure, b) for precipi-
taiton, and ¢) for wind speed.

To identify analogues, we create a matrix containing the ECDF for every grid point
for ERA5 and each model simulation. Subsequently, we determine the quantile of the
ECDF to which each grid point in each timestep belongs for both the event and all
available data, with respect to their ECDF reference matrix. Euclidean distances are
then computed between the quantiles of the event and those of all other available data,
with spatial averaging applied to these distances. This process generates a time series
of the distances between the quantiles.

Figures 3.3a—c show the three fields during the time of the event, in this case the
first storm on the 2nd of May of 2023. Figures 3.3d-f depict the normalized fields,
representing the quantiles at each grid point with respect to the ECDF of ERAS5.

Next, we combine the Euclidean distances of the normalized fields to obtain the
total distance d(t):
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Figure 3.3: (a—c) Sea level pressure (slp), precipitation (pr), and wind speed (ws) on
the 2nd of May of 2023 using ERA5 daily data. (d—f) Normalized fields, representing
the quantiles with respect to the ERA5 ECDF.

d(t) = \/dap(t)? + dpr ()2 + duss(2)2. (3.4)

Contrary to the pseudo-distance defined in the previous section 3.2, the mathemat-
ical properties of a distance are satisfied with eq. (3.4).

Figure 3.4 shows the histogram of the distances of the normalized fields, or quan-
tiles, for the present period of ERA5. As expected, distributions across variables are
comparable. We achieved this by transforming the original values of each variable onto
a common scale based on their cumulative distribution functions.

Figure 3.5a shows d(t) for the event of the 2nd of May in the ERA5 present data.
Figures 3.5b,c,d show the contribution of the individual distances dg,(t), d,r(t), and
dys(t), respectively. The colored crosses indicate the 20 chosen analogues. For example,
the analogue on the 20th of May 1995 is the closest one to the event in terms of pr but
not in terms of slp. Conversely, the analogue of the 24th of March 1991 resembles the
event in terms of slp but is the least similar in terms of pr. In employing this multivariate
approach, it is important to note that the selected analogues reflect a balance across
all three variables of interest, recognizing that they may not perfectly align in each
individual variable but collectively represent a meaningful trade-off between them.

Finally, we analyze future changes in meteorological hazards by calculating the dif-
ference in spatially averaged pr values between factual and counterfactual climates over
the regional domain (see Fig. 3.3b or the dashed black box in Fig. S1h). While ws
was also considered in finding analogues to better condition the event, we focus only on
pr for assessing future changes due to its direct potential to cause flooding in the area.
Notably, changes in pr can still be detected even if we constrain our analogues to pr.
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Figure 3.4: Histogram of the Fuclidean distances between the event of the 2nd of May
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and all other timesteps in the ERA5 past period for slp (a), pr (b), and ws (c).
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Figure 3.5: a) Timeseries of the spatially averaged total Euclidean Distance according
to equation (3.5) for the present period to the event of the 2nd of May 2023. b,c,d) show
the distances of the normalized fields of sea level pressure (slp), precipitation (pr), and
wind speed (ws), each contributing equally to the total distance d(t). Coloured crosses
show the distances of the 20 analogues of the present period.

This is because we are using a multi-variable approach, which effectively sets pr more
free, and even if we used only pr, the observed signal in pr would serve as an indicator
of how closely the analogues match the event.
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b) Performance of EURO-CORDEX models

To assess how well EURO-CORDEX simulations reproduce similar events, we evaluate
the representation of the meteorological hazards of the analogues, specifically focusing
on pr over the regional domain as shown in figure 3.3b. The evaluation includes cal-
culating the spatially averaged Euclidean distance between the precipitation patterns
over the regional domain for each present analogue, both from ERA5 and models, and
the precipitation pattern of the event characterized using ERA5 data. This evaluation,
termed analogues quality, serves as an indicator of how closely the analogues align with
the hazards observed in the event.

Figure 3.6 shows the analogues quality for the three events. Across all events, dis-
tances to the event are consistently lower for ERA5 analogues compared to EURO-
CORDEX models. This suggests that ERA5 analogues resemble more the events, indi-
cating higher quality compared to the models. This higher quality in ERAS is partic-
ularly evident for the first event, on the 2nd of May. The lower representation of the
models may be linked to the systematic bias of most of the EURO-CORDEX models,
which tend to simulate drier conditions in the Po Valley, specially in summer (Kotlarski
et al., 2014). Consequently, the analogues identified in the models are associated with
lower precipitation values, resulting in higher Euclidean Distances to the event.

The range between the lowest and highest quartiles of ERA5 encompasses the median
quartile of the models. This suggests that, while ERA5 outperforms the models, the
models demonstrate a consistent capability to reproduce the event to a certain extent.
This finding provides confirmation that these models can be used to assess changes in
the future period.

3.3.3 Results
a) Detected changes - ERA5

Figure 3.7 shows the ERA5 analogues composite analysis for the event of the 2nd of
May. The first column shows the values of slp, pr and ws on the date of the event. The
second column shows the analogues composites of the past period, the third column
the analogues composites of the present period, and the fourth column the statistical
significant present-minus-past differences. The analogues in both periods are able to
reproduce the pressure pattern that leads to northeasterly wind advection in the Emilia
Romagna region (Fig. 3.7b,c). However, we note that the analogues exhibit a different
synoptic pressure pattern than the event itself, with the two lows that characterized the
event being more spatially separated than in the actual event (Fig. 3.7a). In addition,
the analogues underestimate the precipitation over the impacted region in both past
and present periods, highlighting the extreme nature of the event and the challenge of
reproducing identical precipitation patterns (3.7f,g).

The slp present-minus-past differences indicate positive anomalies in the northern
and southern flanks of the cyclone (3.7d). These anomalies contribute to an increased
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Figure 3.6: Analogues quality computed as the spatially averaged Euclidean distance
between the pr of the events in ERA5 and the pr of the 20 analogues for each simulation
over the regional domain. Each letter is a simulation, corresponding to table 3.1.

slp gradient in the cyclone, resulting in an increase in wind speed in the northern flank
(3.71). Figure 3.7h shows an increase in pr in the Emilia Romagna region, particularly
in the northern flank and over the Gulf of Genoa. Hence, events similar to the 2nd
of May may be more intense in the present period compared to the past. Caution is
needed in interpreting these results, as they are found locally in a small region of the
domain, as the correction for the false discovery rate has not yet been applied (Wilks,
2016).

The analogues composite analysis for event of the 10th of May is shown in figure
3.8. The analogues in both past and present periods simulate the synoptic pressure
pattern fairly well, with a main cyclone centered over the gulf of Genova (Fig. 3.8b,c),
However, the precipitation is underestimated (Fig. 3.8f,g), similar to the previous event.
No significant changes are found in the precipitation pattern over the Emilia Romagna
region (Fig. 3.8h).

Figure 3.9 shows the analogues composite analysis for ERA5 data for the third
event, on the 16th of May. Figure 3.9h shows an increase in pr southwest of the Emilia
Romagna region, specially over Toscana and Lazio. Furthermore, negative anomalies in
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Figure 3.7: Sea level pressure (a), precipitation (e), and wind speed (i) on the 2nd of
May 2023 using ERA5 data. slp composites of the 20 analogue storms for the past
(b) and present (c) periods, and the corresponding pr (f,g) and ws (j,k) composites.
Present minus past differences of slp, pr and ws are shown in (d,h,1). Shading in shows
statistically significant differences. A bootstrap test was conducted with a confidence
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Figure 3.9: Same as figure 3.7 but for the 16th of May 2023

b) Projections with EURO-CORDEX models

The analogues composite analysis for EURO-CORDEX simulations for the event of the
2nd of May is shown in figure S1 in the supplementary material section (section 3.3.5).
The analogues composites of slp for both historical and future projections depict a low
pressure centered between Corsica and the Italian peninsula (Fig. S1b-c). Both show
a similar pattern to the event (Fig. Sla), which means that models are able to capture
the atmospheric circulation characteristics that lead the event. However, both historical
and future composites show underestimated precipitation of the event, consistent with
the previously discussed bias in EURO-CORDEX models. Notably, this bias is also
evident in the analogues derived from ERAD past and present (Fig. 3.7), emphasizing
the challenge of finding suitable analogues for such extreme events.

There are no discernible future minus historical significant changes in slp, pr, nor ws
(Fig. S1d, h, f). The lack of significance could be attributed to averaging simulations
with diverse changes and spatial patterns, resulting in the attenuation of changes. To
better discern changes in pr over the regional domain, indicated with a black dashed box
in figure S1h, we compute spatially averaged future minus historical pr of the analogues.
These changes are presented in Figure 3.10 and, as defined in the previous section,
constitute the changes in the meteorological hazards. 14 out of 19 simulations show
an increase in precipitation in this region, although only three of them are statistically
significant. No simulation exhibits a statistically significant decrease in precipitation.
Despite the lack of robust agreement among the models, we argue that positive changes
were identified in some simulations, suggesting a potential influence of a warmer climate
in increasing the precipitation of this type of event.

For the second event, which occurred on the 10th of May, the models successfully
capture the atmospheric low over the Gulf of Genoa that led to the event (Fig. S2b, c).
However, there are no satisfactory analogues identified in terms of pr during either of
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the two periods. Nevertheless, among the 19 models examined, 7 indicate an increase
in precipitation in a future climate compared to historical conditions, while 2 suggest
a negative, albeit weaker, signal, over the regional domain (Fig. 3.11). The regional
model GERICS-REMO2015 shows 3 simulations with positive signal and 1 negative,
while DMI-HIRHAMY5 shows 1 positive and 1 negative. Despite considerable variability
and lack of consensus among simulations, the majority of models indicate a positive
precipitation change. Therefore, we cannot dismiss the role of climate change in influ-
encing this event. However, caution is necessary when interpreting the results due to
the poor quality of precipitation analogues and the substantial variability among the
models.

For the last and most impactful event on the 16th of May, models successfully
capture the distinctive synoptic low-pressure system characterizing the event (Fig. S3b,
c¢). Similar to the previous events, the precipitation of analogues is underestimated
compared to that of the event (Fig. S3f, g). Precipitation changes over the regional
domain exhibit general agreement among simulations, with 15 indicating positive signal
and 9 being significant (Fig. 3.12). Only one simulation shows a significant negative
change.
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Figure 3.10: Future minus present precipitation (pr) of the analogues over the regional
domain (Fig. S1h dashed black box) for the event of the 2nd of May 2023. The mean is
represented by a dot, and the confidence interval at a 90% confidence level is depicted
by vertical bars, computed using a bootstrap test. Blue denotes positive significant
change and brown negative. Each letter is a simulation, corresponding to table 3.1.
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Figure 3.11: Same as figure S1 but for the 10th of May 2023
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Figure 3.12: Same as figure S1 but for the 16th of May 2023

3.3.4 Discussion

This study conducts an assessment of detected changes and future projections regarding
the pressure, precipitation, and wind speed for three storms that caused severe flooding
in the Emilia Romagna region on the 2nd, 10th, and 16th of May 2023. We describe
and employ a multivariate approach to identify analogues—events similar in terms of
sea level pressure, precipitation, and wind speed—in two different climates and we
compare these patterns of the analogues. To detect ongoing changes, we use ERAb5
reanalysis data, comparing past [1950-1985] and present [1987-2022]. To assess future
changes, we perform a multi-model study with high-resolution regional models within
the EURO-CORDEX program, comparing historical [1970-2000] and future projections
[2070-2100] using the Representative Concentration Pathway RCP8.5 from the CMIP5
project, representing the worst-case scenario.

The analysis of detected changes, using ERA5, shows positive precipitation anoma-
lies in the present period compared to the past over or nearby the Emilia Romagna
region for the first and third events—the 2nd and 16th of May. Despite biases and
limitations, EURO-CORDEX models demonstrate a certain capability to capture event
characteristics. However, ERA5 outperforms models in terms of meteorological hazards
of the analogues, emphasizing the need for continued improvements in modeling extreme
events. The positive precipitation projections identified in some model simulations in
the future conditions with compared to the historical simulations suggest a potential
influence of climate change, specially for the 2nd and 16th of May. Notably, the event
of the 10th of May, the weakest among the three in terms of meteorological hazards and
featuring a shallower sea level pressure structure, does not show significant changes in
ERAS5 and there is higher variability in the future projections among models. Hence,
our findings suggest a possible role of climate change potentially for the most impactful
events.

Barnes et al. (2023) found no climate change role in the Emilia Romagna flooding
events, while our findings suggest a possible role. This apparent discrepancy could
stem from differences in the definition of the extreme event, as they use accumulated
precipitation in 21 days, or the unconditional framework they employ, potentially mixing
different types of drivers. In contrast, our approach assesses the changes in each specific
cyclone, conditional to the atmospheric pressure pattern. Hence, one could argue that
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the results are not opposing, but rather stem from addressing distinct aspects of the
issue.

We use EURO-CORDEX simulations as they have proved better in simulating heavy
precipitation events and have shown higher daily precipitation intensities compared to
general circulation models (Jacob et al., 2014). However, the simulations used here were
driven by CMIP5 models, representing an earlier version of the CMIP experiments, and
were conducted a decade ago. While some enhancements have been implemented in the
transition from CMIP5 to CMIP6, such as an increase in the intensity of extratropical
cyclones in the Northern Hemisphere (Priestley et al., 2020b), a multi-model ensemble
of high-resolution regional simulations employing the latest CMIP6 version is currently
unavailable. We acknowledge that these limitations underscore the necessity for an
updated analysis employing high-resolution models driven by CMIP6 simulations.

Further investigations should delve into discerning the role of internal variability
versus forced signals in this multi-model experiment, providing deeper insights into the
role of climate change in modulating such extreme precipitation events. Additionally, it
is important to note that this approach does not consider compound effects, such as the
combination of extremely dry soils right before the first cyclone with subsequent extreme
precipitation leading to flooding. Adapting this multivariate approach to encompass
compound effects, incorporating additional variables and diverse time frames, offers an
interesting direction for future research, and we leave this exploration for subsequent
research efforts.

3.3.5 Supplementary material
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Figure S1: Sea level pressure (a), precipitation (e), and wind speed (i) on the 2nd of May
2023 using ERAD5 data. slp composites of the 20 analogue storms for the historical (b)
and future (c) simulations using the EURO-CORDEX models, and the corresponding
pr (f,g) and ws (j,k) composites. Future minus historical differences of slp, pr and ws

are shown in (d,h,1). Shading in shows statistically significant differences. A bootstrap
test was conducted with a confidence level of 95%.
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3.4 Summary and conclusions

In this chapter, we redefined an analogue of an extreme event by incorporating mete-
orological hazards alongside the atmospheric circulation pattern. In the first part, we
introduced a pseudo-distance, defined as a combination of two Euclidean distances: on
one side, atmospheric circulation pattern, and on the other side, the combination of me-
teorological hazards. This methodology was specifically tailored for Acqua Alta events
in Venice. It proves particularly useful when considering events primarily defined by
mesoscale phenomena, as exemplified in Acqua Alta events where Scirocco winds play
a crucial role in elevating water levels.

In the second part, we extended this approach to a more general methodology by
introducing a total Fuclidean distance. This measure assigns equal weight to all variables
used in defining an analogue. The broader applicability of this approach is demonstrated
through its application to Emilia Romagna high precipitation events. One notable
advantage of this methodology lies in its flexibility, allowing for the incorporation of
additional variables into consideration. Furthermore, it offers a route to explore defining
events arising from compound effects.

This approach proves useful for events like Mediterranean cyclones, which tend to be
weaker, smaller in size, and shorter in lifetime compared to North Atlantic extratropical
cyclones (Flaounas et al., 2022). Despite their relatively smaller size, these cyclones can
have a notable impact at the regional level. Such relatively small cyclones may not
be adequately captured, in terms of sea level pressure structure, by the scales resolved
in ERA5. Thus, relying solely on sea level pressure for such events might cause us to
overlook essential features that made the storms impacts unprecedented.

In the next chapter, we shift our focus to North Atlantic extratropical cyclones.
We introduce another framework tailored to identify analogues of explosive cyclones,
thereby taking into account not only their high deepening rates but also their distinctive
tracks.
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Résumé en Francais

Dans ce chapitre, nous avons redéfini un analogue d’un cyclone extratropical
en intégrant les aléas météorologiques avec la configuration de la circulation atmo-
sphérique. Dans la premiere partie, nous avons introduit une "pseudo-distance",
qui combine deux distances euclidiennes: une pour le champ de pression et une
autre pour la combinaison des aléas météorologiques. Cette méthodologie a été
spécifiquement développée pour les événements Acqua Alta a Venise et s’avere
particulierement efficace pour les événements influencés par des phénomeénes a
méso-échelle, tels que les événements Acqua Alta ou les vents Sirocco affectent
significativement les niveaux marins.

Dans la deuxiéme partie, nous avons généralisé cette approche en intro-
duisant une "distance euclidienne totale". Cette mesure attribue une importance
égale a toutes les variables utilisées pour définir un analogue. Nous appliquons
cette approche généralisée aux événements de fortes précipitations en Emilie-
Romagne en mai 2023. Un avantage notable de cette méthodologie réside dans
sa flexibilité, permettant I'inclusion de variables supplémentaires. De plus, elle
offre une voie pour explorer les événements définis par des effets composés.

Cette approche est avantageuse pour des événements tels que les cyclones
méditerranéens, qui sont généralement plus faibles, aux dimensions plus modestes
et de durée plus courte par rapport aux cyclones extratropicaux de I’Atlantique
Nord. Malgré leur taille plus réduite, ces cyclones peuvent avoir des impacts
régionaux significatifs. Les échelles résolues dans ERA5 peuvent ne pas capturer
de maniere adéquate la structure de pression au niveau de la mer de ces cyclones
relativement petits. Par conséquent, se fier uniquement a la pression au niveau
de la mer pour de tels événements peut conduire a négliger des caractéristiques
cruciales qui ont contribué aux impacts sans précédent de ces tempétes.
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Chapter 4

Future projections of Explosive
Cyclones in a Changing Climate

Objectives

In this chapter, I use future projections from a single climate model to assess the
impact of climate change on specific explosive storms in Europe. The novelty lies
in the definition of an analogue, which is based on the development and mature
stages of these storms, and in assessing changes in both frequency and magnitude.

Contents
5.1 Overviewofthethesis. . . . . . . . . . . . . 79
5.2 Limitations and Implications . . . . . ... ... 80
5.2  Limitations . . . ... 80
522 Implications . . .. . ... 81
5.3 Futureresearchdirections . . . . . . . . .. ... ... ... ... . 82

61



Chapter 4. Future projections of Explosive Cyclones in a Changing Climate

4.1 Introduction

I had numerous discussions about the methodology employed in Chapter 2 during confer-
ences, workshops, and seminars in my first year of PhD. The two primary concerns were
the scarcity of analogues and the potential mismatch in the life stage of the storms when
making comparisons. To address these challenges, I refined the analogue methodology
by incorporating Lagrangian storm tracks as well as information on the development
and mature stages of the storms. In addition, the methodology takes into account the
change in frequency of the analogues, rather than specifying a fixed number.

The dataset we used for this study comes from a collaborative work with Dr. Em-
manouil Flaounas, a researcher I met in the Future Risks and Impacts of Intense
Mediterranean Cyclones Workshop in Baeza, Spain. Flaounas proposed to use a large
ensemble of the Community Earth System model, available in the server of his former
institution, ETH Zurich. Using a large ensemble of simulations not only alleviated the
issue of limited number of analogues but also provided a means to filter out internal vari-
ability, allowing a clearer focus on the radiative forcing signal (as suggested by Deser
et al. (2012)). The collaboration extended to ETH Zurich, especially with Professor
Heini Wernli and his Atmospheric Dynamics group. My visit to ETH Zurich involved
discussions with this group and researchers from other groups, as well as access to their
server to get the data that I needed.

In the manuscript presented in this chapter (Ginesta et al., 2024), we use the term
"storm" as a synonym of "extratropical cyclone." This choice is straightforward: the
events under examination are recent extratropical cyclones commonly referred to as
storms in the media. As midlatitude storms and extratropical cyclones are consid-
ered synonymous in this context (Catto, 2016), I opted to use ’storm’ throughout the
manuscript to keep things simple and consistent with widely known terminology.

It is important to note that the focus of this study is on the projection of specific
events rather than attribution. Unlike attribution studies that examine present and past
scenarios or compare worlds with and without climate change, our approach involves
projecting the behavior of individual events in a future scenario and compare them with
an historical-previously referred to present— climate. Such projections may provide
insights for preparing adaptation strategies.

4.2 Article under review in Journal of Climate
The article Ginesta et al. (2024) is currently undergoing its second round of revisions.
I included it in the Appendix B.

Ginesta, M., E. Flaounas, P. Yiou, and D. Faranda (2024). “Anthropogenic climate
change will intensify FEuropean explosive storms similar to Alex, Eunice, and Xynthia
in the future” In: Journal of Climate. under review
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Extended Summary

The study identifies analogues — storms with similar tracks before reaching their mature
stage — of three explosive storms and evaluates changes in frequency and intensity in
a future climate. Explosive storms are commonly defined as those deepening by at
least 24 hPa in 24 hours at 60°N (Sanders and Gyakum, 1980). The storms, which
impacted several western European countries, are Alex (October 2020), Eunice (January
2022), and Xynthia (February 2010). We use a large ensemble of 105 members from the
Community Earth System Model version 1 (CESM1). The present climate is represented
by historical simulations [1991-2000] and the future climate follows the RCP8.5 scenario
from CMIP5 [2091-2101]. Thus, the experiment consist of 1050 years in total for each
period.

We first analyzed the ability of the model to reproduce explosive storms. There is
an underestimation of storm numbers in the model compared to reanalysis, specially
in the ocean. However, this bias is considerably smaller over land. Additionally, the
Normalized Deepening Rates (NDR, equation (1) of Ginesta et al. (2024)) of the storms
in the model are comparable to those in the ERA5 reanalysis, though the model slightly
underestimates the most explosive storms. The comparative analysis, together with
assessments by Binder et al. (2023), Dolores-Tesillos et al. (2022), and Joos et al. (2023),
gives confidence in the model capability to simulate explosive storms making landfall
on the western coast of Europe.

Frequency: We mainly found a decrease in the number of analogues but a relative
increase in the number of explosive analogues of storms Alex (Fig. 4.1b,c) and Xynthia,
as well as a significant increase in the number of explosive analogues for storm Eunice,
in a future climate with respect to the present. In addition, there is an increase of the
deepening rates of explosive analogues of Alex (Fig. 4.1b,c) and Xynthia.

(a) ERA5 (b) /(;ESM Present (c) ’gESM Future
—— Ale: —— Ale: —— Ale;
65°N‘_”/V/éi‘j : 65°Nr’L/M/ X GSDNM x
- 63 analogues < -~ 299 [288,310] analogues < +— 206 [196,217] analogues =
60°N! —— 10 explosive Jl 60°N —— 34 explosive 60°N —— 30 explosive

“

% 7%

55°N 55°N

50°N 50°N
45°N 45°N
40°N 40°N

35°N 35°N

30°W  20°W  10°W 0° 30°W  20°W  10°W 0° 30°W  20°W  10°W 0°
Analogues

Explosive analogues
NDR. 0.51

117
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Explosive analogues Analogues Explosive analogues
NDR. 0.54 [0.51,0.57]

1.16 [1.12,1.20] NDR. 0.62 [0.58,0.66] 1.30[1.24,1.38]

Figure 4.1: 24-hour track of the development stage of storm Alex (thick black line)
and its analogues (thin grey lines), for ERA5 (a), CESM present (b), and CESM future
(c). Explosive analogues’ tracks are highlighted in red. The figure legend shows the
number of analogues and explosive analogues. The tables beneath the figures depict
the Normalized Deepening Rates. 95 % confidence intervals for CESM present and
CESM future, determined using a bootstrap test, are denoted in brackets. This figure
corresponds to figure 3 of Ginesta et al. (2024) included in Appendix B.
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Meteorological Hazards: Figure 4.2 illustrates the changes observed for storm
Alex, including sea level pressure (SLP, a), gradient of equivalent potential temperature
(Af,, b) to indicate the position of the fronts, precipitation (PR, ¢), and near-surface
wind severity (W, d). We found an increase in total precipitation and wind severity for
the explosive analogues of all three storms in a future climate (Fig. 4.2c,d). Specifically,
for Alex and Xynthia-like storms, we noted a cyclonic relocation of the weather fronts
(e.g. Fig. 4.2b). This suggests a stronger intensification of the storms (consistent with
the increase in the deepening rates).

Drivers: For storm Xynthia, we observed no change in low-level baroclinicity during
cyclogenesis, but a significant increase in both convective and large-scale precipitation.
This suggests that the changes are mainly diabatically driven, resulting from an increase
in latent heat that may reinforce the cyclone. On the contrary, Eunice-like storms
show a significant increase in low-level baroclinicity during cyclogenesis, suggesting that
changes are, at least partially, baroclinically-driven. For storm Alex, there is also an
increase, albeit smaller, in baroclinicity.

These findings highlight the potential hazards of explosive storms altered by climate
change on western Europe. They offer evidence to support preparation and improve
adaptation procedures in the regions.

4.3 Additional analyses

In the following sections, I aim to strengthen the robustness of the findings presented
in Ginesta et al. (2024). I provide a comparison with alternative detection and tracking
methods (section 4.3.1) and with other CMIP6 models (section 4.3.2). In addition, I
present a more general analysis on the concurrences of atmospheric rivers and explosive
cyclones over the North Atlantic basin in a future climate, which may offer further
understanding of our findings (section 4.3.3).

4.3.1 Tracking comparison

In recent decades, numerous Lagrangian detection and tracking algorithms for extrat-
ropical storms have been developed (e.g. Flaounas et al., 2023; Pinto et al., 2005; Sin-
clair, 1994). Typically, these methods involve the selection of one or more variables for
storm identification, with mean sea level pressure or lower tropospheric vorticity being
commonly chosen. The selection of the variable depends on the emphasis sought, such
as the mass field for mean sea level pressure, which better represents the low-frequency,
or the wind field for vorticity, which better represents high-frequency synoptic scale
(Hodges et al., 2003; Neu et al., 2013). This variability in selection results in different
storm center positions. However, even if the same input variables are used, the storm
center positions might differ among methods, due to additional criteria such as thresh-
olds values or gradient fields. To assess the impact of different automated methods
on extratropical storm climatologies, Neu et al. (2013) conducted an intercomparison
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Figure 4.2: Shading: CESM future minus present differences in the composites of ex-
plosive analogues of storm Alex of (g) sea-level pressure, (¢) horizontal gradient of
equivalent potential temperature at 850 hPa, (h) hourly mean precipitation rate, and
(i) hourly mean wind speed. Black contours show the CESM present composites, from
980 hPa and every 4 hPa for SLP, from 10 mm/day and every 5 mm/day for PR, and
from 10 m/s and every 2 m/s for W. These figures correspond to figures 9g, 10c, 9h, 9i,
of Ginesta et al. (2024) included in Appendix B, respectively.

project involving fifteen international teams. While there is general agreement among
methods regarding geographical distribution and interannual variability, significant dis-
parities emerge in total storms numbers and the detection of weaker storms. Better
consistency is observed for strong storms.

The methodology employed in Ginesta et al. (2024) is based on Wernli and Schwierz
(2006), corresponding to M20 in Neu et al. (2013). Storms are identified as local min-
ima in the SLP field, with a value smaller than that of their eight neighboring grid
points. The outermost closed contour is determined by searching for enclosing contours
at specific intervals and identified as the one preceding the inclusion of a second lo-
cal minimum. Then, a straightforward tracking algorithm is used, which predicts the
continuation of storms centers based on their positions (Wernli and Schwierz, 2006).
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Notably, this method results in a higher number of identified storms than other meth-
ods that use more restrictive criteria. Introducing additional criteria, such as a gradient
threshold between the SLP minima and its neighbouring points, would reduce the num-
ber of identified storms (Haak and Ulbrich, 1996).

Given that our study heavily relies on storm tracks, I opted to compare with two
other storm tracking methods: the TempestExtremes software (TE) by Ullrich et al.
(2021), and the dataset produced by the "Regional Climate and Weather Hazards"
research team led by Prof. Dr. Joaquim Pinto at the Karlsruhe Institute of Technology
(KIT), corresponding to the M02 method in Neu et al. (2013). From now on, I refer
to M20 to the method used in Ginesta et al. (2024), TE to the TempestExtremes, and
MO2 to the dataset produced by the group of Prof. Dr. Pinto.

a) TempestExtremes detection and tracking (TE)

I used the TempestExtremes detection and tracking method, an open command-line
software developed by Ullrich et al. (2021). This software encompasses two primary
functions, DetectNodes and StitchNodes. The former detects candidates corre-
sponding to local extrema of a given variable; in this case, minimum of SLP. The latter
connects candidate points in time to form a track. I adjusted the parameters to detect
a minimum of SLP enclosed by a contour of 200 Pa within 6.0° (in degrees great-circle-
distance, GCD), candidates within 3.0°GCD of one another are merged, the maximum
distance between candidates is 6.0°GCD, cyclone must persist for at least 24 h, cyclones
must move at least 6.0°GCD from the start to the end of the track, and the minimum
SLP is lower than 1000hPa.

Figure 4.3 shows the 24-hour track of the development stage of the three storms,
Alex (a), Eunice (b) and Xynthia (c) (thick black line), and its analogues using the TE
method. This would be the equivalent of figures 1, 3, and 5 in the manuscript presented
in this chapter. The number of analogues identified for each storm is approximately half
of those tracked using the method outlined in the manuscript. As anticipated, the TE
method is more restrictive, incorporating additional criteria such as a minimum gradient
between the SLP minima and their neighboring points, resulting in fewer storms being
detected. However, despite the reduced overall number of storms identified, the ratio
of explosive analogues to total analogues remains similar to that observed with the
M20 method for storms Alex and Eunice. For Xynthia, the ratio is higher, possibly
attributed to a lack of sampling in the alternative method.

Future projections

I further applied the TE algorithm to track storms within the CESM large ensemble. I
compare the Figures 3b and 3c from Ginesta et al. (2024), in which we used the M20
method, with figure 4.4, in which we used TE. This supplementary analysis aims to as-
sess potential variations in the frequency changes and meteorological hazards introduced
by this new tracking method.
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Figure 4.3: 24-hour track of the development stage of storm Alex (thick black line) and
its analogues (thin grey lines) for ERAS for storm Alex (a), Eunice (b), and Xynthia
(c), using TE tracking method. Explosive analogues’ tracks are highlighted in red.
The dashed-line circle indicates the 300-km area used to identify mature stage storms.
The figure legend shows the number of analogues and explosive analogues. The tables
beneath the figures depict the Normalized Deepening Rate values. These plots would be
the equivalent of figures 1a, 3a, and 5a, of the manuscript using M20 tracking method.

Subsequently, figure 4.4 shows the development stages of analogues and explosive
analogues during both present (a) and future (b) periods, using the TE method. Con-
sistent with the M20 method, a notable reduction of approximately 30% in the number
of analogues is observed in the future period compared to the present. However, there is
an increase in the frequency of explosive analogues. Consequently, the ratio of explosive
analogues to total analogues rises from around 9% in the present to approximately 16%
in the future. This shift in the frequency of explosive storms is slightly higher than that
observed with the M20 method, where the ratios were 11% in the present and 15% in
the future.

Figure 4.5 shows future minus present differences of the SLP, PR, W of analogues
and explosive analogues of storm Alex using the TE tracking method. This figure is
similar to Figure 7 (d-i) of the manuscript Ginesta et al. (2024) in which we used the
M20 method. The SLP differences of the analogues show lower values in the center
of the storms in the future compared to the present, aligning with the findings using
the M20 method. No significant differences are observed in the SLP of the explosive
analogues, except for a small marginal decrease to the northwest of the storm core.
The pattern of PR differences of the analogues closely resembles that of the original
analysis, indicating an increase of PR, especially in the northern flank of the storm’s
core. Similarly, explosive analogues exhibit increased PR in the northern flank and
downstream and a decrease in the storm core—a pattern similar to the manuscript’s
findings, which we suggested to be linked to a weather front relocation. Regarding W,
both analogues and explosive analogues exhibit an increase in the western part of the
storm’s core. However, in the manuscript, the increase in W was located mainly in the
northern flank of the storm’s core, while in figure 4.5 the increase is upstream, probably
in the cold sector of the storms.
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Figure 4.4: 24-hour track of the development stage of storm Alex (thick black line)
and its analogues (thin grey lines) for ERAS5 for storm Alex for CESM present (a) and
CESM future (b) periods using TE tracking method. Explosive analogues’ tracks are
highlighted in red. The dashed-line circle indicates the 300-km area used to identify
mature stage storms. The figure legend shows the number of analogues and explosive
analogues. The tables beneath depict the Normalized Deepening Rate values. These
plots would be the equivalent of figures 1b,c of the manuscript, in which M20 tracking
method was used.

The comparison between the M20 method, as presented in the manuscript, and the
TE method reveals consistent outcomes concerning the future-minus-present differences
in analogue frequency, along with the spatial pattern and magnitude of pressure and
precipitation changes. However, in the context of wind speed, while both methods
suggest an increase, there is some variation in the spatial pattern. This highlights
the necessity for further analysis, considering other variables such as the position and
intensity of weather fronts, to distinguish the differences in wind speed patterns derived
from both tracking methods.

b) Moz2 detection and tracking

In addition to the TE method, I conducted a comparative analysis using the storm tracks
dataset developed by the "Regional Climate and Weather Hazards" research team led by
Prof. Dr. Joaquim Pinto at the Karlsruhe Institute of Technology (KIT), Institute of
Meteorology and Climate Research (IMK-TRO). The reanalysis used is ERA5 spanning
from 1959 to 2021. The tracking method employed for generating this dataset is detailed
in Pinto et al. (2005) and similar to Murray and Simmonds (1991), and corresponds to
the M02 method in Neu et al. (2013). The M02 method identifies a maximum in the
quasi-geostrophic relative vorticity, computed as the Laplacian of SLP. Candidates are
identified as a local minima of SLP within 1200 km of the maximum in vorticity. Candi-
dates over a topography above 1500 m are removed to eliminate potential irregularities
introduced by pressure extrapolation. The relative vorticity has to be greater than 0.1
hPa per degree latitude, and they retain only the strongest candidates within a radius
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Figure 4.5: Equivalent to figure 7 (d—i) of the manuscript but using TE tracking method
to identify analogues.

of 3°. They tracked the candidates using a prediction velocity similar to Murray and
Simmonds (1991), with further restrictions such as a minimum lifetime of 24 hours or
the system being identified as closed and intense at least once during its lifetime.

Figure 4.6 shows the 24-hour track of the development stage of the three storms,
Alex (a), Eunice (b) and Xynthia (c) (thick black line), and its analogues using the
storm tracks dataset that follows M02 tracking method. Fewer analogues and explosive
analogues are identified with respect to the M20 method. The ratio of explosive ana-
logues to total analogues is slightly lower than the two other methods, M20 and TE,
and specially lower than TE for storm Xynthia.

c) Analogues quality comparisons between M2o, TE, and Mo2

Figure 4.7 shows the analogues quality, computed as the euclidean distance between
the analyzed storm and its analogues averaged over their 4 grid points, for Alex (a),
Eunice (b), ad Xynthia (c). M20 shows larger variability of the analogues quality in
all cases, and overall the analogues quality is lower than in the other two methods.
This discrepancy may stem from the detection of more mature stage storms in M20
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Figure 4.6: 24-hour track of the development stage of storm Alex (thick black line) and
its analogues (thin grey lines) for ERA5 for storm Alex (a), Eunice (b), and Xynthia
(c), using TE tracking method. Explosive analogues’ tracks are highlighted in red.
The dashed-line circle indicates the 300-km area used to identify mature stage storms.
The figure legend shows the number of analogues and explosive analogues. The tables
beneath the figures depict the Normalized Deepening Rate values. These plots would
be the equivalent of figures la, 3a, and 5a of the manuscript, in which M20 tracking
method was used.

that originate from diverse locations. Consequently, when selecting the 20% closest
analogues, the resulting tracks are more diverse. M02 emerges as the method yielding
better analogues, characterized by lower distances and consequently higher analogues
quality.

800 a) Storm Alex <) Storm Xynthia Storm Eunice
1250
M20 TE M02 TE M02

Figure 4.7: Mean Euclidean distances between the 24-hour track of the development
stage of storm Alex and its analogues for ERAS using three tracking methods, M20,
TE, and M02, for storm Alex (a), storm Eunice (b), and storm Xynthia (c).
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d) Conclusion

To summarize, while the M20 method identifies a greater number of analogues compared
to TE and M02, the ratios of explosive analogues to total analogues remain relatively
consistent across all methods, indicating robustness in the essential findings. Addition-
ally, the comparison between the M20 method and TE method reveals consistent results
in terms of future-minus-present differences in frequency and in the spatial pattern and
magnitude of pressure and precipitation changes.
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4.3.2 CMIP6 comparison

To assess the sensitivity of trends in number of analogues to the chosen climate model
and future scenario, I conducted an analysis based on simulations available in the labo-
ratory’s server of different climate models. This encompassed simulations that provided
6-hourly output instantaneous sea level pressure data. In addition, data had to be
available for historical period [1982-2013] as well as for the mid and end of the century
[2021-2060, 2060-2100] for both SSP2-4.5 and SSP5-8.5 scenarios from CMIPG.

As showed in the previous section, the outcomes are relatively robust to storm
tracking methodologies. Consequently, the initial step involves tracking all storms using
the TempestExtremes software, as outlined in the preceding section. The list of models
and runs used are shown in table 4.1.

GCM Runs No.mlnal atmospheric reso-
lution

ACCESS-CM2 rl 250 km

BCC-CSM2-MR rl 100 km

EC-Earth3 rl, r4 100 km

MPI-ESM1-2-HR rl, r2 100 km

MPLESMI-2-LR rl, 2, r3, r4, rb, 16, r7, 18, 950 km

r9, r10

Table 4.1: List of General Circulation Models (GCM) and runs used with their respec-
tive nominal atmospheric resolutions.

For the comparative analysis, I initially calculated the number of mature stage
storms and then identified the 20% closest tracks to define analogues. The resulting
count represents the number of analogues. It is important to note that, in this context,
I adjusted the diameter used to define mature stage storms to 500 km. This adjustment
was made to slightly relax the criteria for mature stage storms, in order to facilitate the
identification of more storms and enhance statistical robustness.

Figure 4.8 depicts the percentage change in the number of analogues across different
CMIP6 runs relative to the historical period. The dashed black line represents the cor-
responding percentage change observed in the CESM large ensemble under the RCP8.5
scenario found in Ginesta et al. (2024). In the SSP2-4.5 scenario, there is greater vari-
ability among models for the three storms, specially in the 2020-2061 period, which
could be attributed to a smaller signal-to-noise ratio of the forcing signal versus inter-
nal variability. Overall, there is agreement among models for storms Alex and Xynthia
in the SSP5-8.5 scenario, indicating a decline in the number of analogues in the future
scenarios. Results for Eunice also show overall agreement among models, with most of
them projecting minor changes or a decrease. However, some models show a more sub-
stantial decrease in the number of analogues than the CESM large ensemble, reaching
up to a 20% in certain cases.
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Figure 4.8: Percentage change in the number of analogues for 16 CMIP6 runs under
the SSP2-4.5 (a) and SSP5-8.5 (b) scenarios, computed with reference to the historical
period [1986-2013]. The analysis covers two future periods: mid-century [2021-2060]
and end of the century [2061-2100]. The black dashed line represents the percentage
change in the end-of-century period [2091-2100] for the CESM large ensemble under the
RCP8.5 scenario, as reported in the manuscript.
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4.3.3 Concurrences with atmospheric rivers

Some of the explosive storms analyzed were associated with atmospheric rivers (AR),
such as Storm Alex (Davolio et al., 2023) or storm Xynthia (Fig. 4.9). In this section, I
explore the relationship between explosive storms and atmospheric rivers in a changing
climate in the North Atlantic basin. I present some of the findings of a study that I
am co-leading with Ferran Lopez Marti, PhD student from Uppsala University, as part
of the European EDIPI project. Data and methods are detailed in the supplementary
chapter C.

According to the Glossary of Meteorology of the American Meteorological Society,
ARs are “a long, narrow, and transient corridor of strong horizontal water vapour
transport that is typically associated with a low-level jet stream ahead of the cold
front of an extratropical cyclone” (Ralph et al., 2018). When forced upwards, such
as by topography or embedded in the warm conveyor belt of ETCs, they can produce
extreme rainfall. Explosive ETCs are often associated with ARs, which may play a
key role in the rapid deepening of the cyclone through latent heat release (Eiras-Barca
et al., 2018).

We employ the TempestExtremes algorithm to detect and track ARs. We identify
ridges on the integrated water vapor transport (IVT), with a minimum IVT value set
at 250 kg m~! s7! and a minimum area of 4 x 10° km~2. Additional requirements are
outlined in the supplementary chapter C.
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Figure 4.9: Detection and tracking of explosive storm Xynthia and its associated at-
mospheric river. Red indicates concurrent time steps with the atmospheric river and
explosive development of the storm, in black the subsequent time steps. The shading
represents the overlaying atmospheric river masks for each timestep, with darker colors
indicating overlapping over timesteps.

Figure 4.10a shows the ratio between the number of explosive storms with ARs and
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the total number of explosive storms in the North Atlantic basin for ERA5 and CMIPG6
models for the historical period [1980-2009]. The highest ratio occurs 6 hours after the
maximum deepening point (MDP) of the storm. In ERAB5, the ratio at the MDP is
approximately 0.6, indicating that 60% of the explosive ETCs are associated with an
AR. However, all models tend to overestimate the ratio of explosive ETCs with AR.

The discrepancies between ERA5 and models may arise from biases in model per-
formance or from internal variability. The computation of the IVT for the detection
and tracking of ARs may introduce additional biases. We calculated IVT using specific
pressure levels, while the IVT from ERAb was obtained directly from the publicly avail-
able data on the Copernicus server. We are currently refining this process to ensure
direct comparability among them.

Figure 4.10b shows the ratio for the historical period and future projections [2070-
2099] under different scenarios. There is an almost linear increase in future projections
with respect to the historical climate, with the lowest increase for the SSP1-2.6 (best-
case scenario) and the highest for the SSP5-8.5 (worst-case scenario). In the latter, the
multi-model mean reaches maximum values of 0.83, indicating that few hours after the
MDP, 83% of the explosive cyclones will be associated with an atmospheric river.

Figure 4.11 shows the spatial distribution of the change in the ratios for western
Europe. There is a linear increase in future scenarios, with the highest increase for the
SSP5-8.5 scenario. Additionally, there is an increase in the level of agreement among
models; under the SSP5-8.5 scenario, all models show an increase over most of Western
Europe.

This analysis offers an overview of the changes in the statistical relationship between
explosive storms and atmospheric rivers in a future climate. There is an increasing
trend towards a higher number of atmospheric rivers associated with explosive storms,
especially in the worst-case scenario, on the western European coast. An increase of
atmospheric rivers associated implies an increase in the water vapor content of the
storm, and thus a possible increase in precipitation. Hence, the findings we found for
specific explosive storms may follow the general changes in the North Atlantic basin.
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Figure 4.10: a) Ratio (R) between the number of explosive storms with atmospheric
river and the total number of explosive storms as a function of the time distance to
the Maximum Deepening Point (MDP) for ERA5 and the historical period of CMIP6
models [1980-2009]. b) R for the CMIP6 models for the historical period and the future
period [2070-2099] for the scenarios SSP1-2.6, SSP2-4.5, and SSP5-8.5.
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Figure 4.11: a) Ratio (R) between the number of explosive storms with AR and the
total number of explosive storms for the multi-model mean of CMIP6 historical period.
b—d) Differences in R between the future scenarios and the historical period. Dots
indicate the grid points where all six models agree on the sign.
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4.4 Summary and conclusions

This chapter has presented a method for isolating the impact of anthropogenic forcing on
specific impactful storms, assessing the frequency in two climates, present and future, as
well as the meteorological hazards when they make landfall. In addition, two additional
tracking methods have been compared, and found similar output. Single runs of other
models and scenarios have been used to assess trends in the frequency of the analyzed
storms, finding overall agreement among simulations. Finally, an increase in CMIP6
future scenarios of the occurrences of explosive storms with atmospheric rivers in the
North Atlantic basin has been found.

Throughout various seminars and conferences where I have presented this work, there
has been a recurring expectation for a more generalized analysis that would involve the
analysis of numerous storms and the depiction of overarching trends on a geographical
map. It is important to clarify that the primary focus of this project lies in the in-
depth projection of specific severe storms, rather than a large-scale analysis of a large
set of storms. However, automating the methodology to systematically analyze various
storms and discern common patterns could provide invaluable insights into the diverse
behaviors of storms across different regions. This would be different from the general
trends analysis, such as those in Zappa et al. (2013) and Priestley and Catto (2022), in
the sense that here we focus on the selection of storms with similar development stages,
and we take observed large impactful storms as reference. Therefore, this study could
offer more specific insights into storm behavior, such as the relocation of weather fronts
observed in Alex and Xynthia, which may be common in certain regions or types of
storms — an aspect not assessed in previous studies.
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Résumé en Francais

L’objectif de cette étude est de projeter des tempétes spécifiques dans le futur.
Contrairement aux études d’attribution qui examinent les scénarios actuels et
passés, ou comparent des mondes avec et sans changement climatique, notre
approche consiste a projeter le comportement d’événements individuels dans un
scénario futur et a les comparer a un climat historique (ou présent). De telles
projections peuvent offrir des clés pour préparer des stratégies d’adaptation. Cet
article est basé sur un manuscrit en cours de révision dans le Journal of Climate
intitulé "Athropogenic climate change will intensify European explosive storms
similar to Alex, Eunice, and Xynthia in the future'.

L’étude identifie des analogues — des tempétes avec des trajectoires simi-
laires avant d’atteindre leur stade mature — de trois tempétes explosives et évalue
les changements de fréquence et d’intensité dans un climat futur. Les tempétes ex-
plosives sont couramment définies comme celles qui s’approfondissent d’au moins
24 hPa en 24 heures a 60°N. Les tempétes qui ont impacté plusieurs pays d’Europe
occidentale sont Alex (octobre 2020), Eunice (janvier 2022) et Xynthia (février
2010). Nous utilisons un grand ensemble de 105 membres du Community Earth
System Model, version 1 (CESM1). Le climat actuel est représenté par des sim-
ulations historiques [1991-2000] et le climat futur suit le scénario RCP8.5 du
CMIP5 [2091-2101]. Ainsi, I'expérience comprend un total de 1050 années pour
chaque période.

Nous avons d’abord analysé la capacité du modele a reproduire les tempétes
explosives. Il y a une sous-estimation du nombre de tempétes dans le modele par
rapport a la réanalyse, notamment au-dessus 'océan. Cependant, ce biais est
considérablement plus faible sur les terres. De plus, les taux d’approfondissement
normalisés des tempétes dans le modeéle sont comparables & ceux de la réanalyse
ERAS, bien que le modele sous-estime légerement les tempétes les plus explosives.
L’analyse comparative donne confiance dans la capacité du modele a simuler les
tempétes explosives touchant la fagade ouest de I’Europe.

En termes de fréquence, nous avons principalement observé une diminution
du nombre d’analogues, mais une augmentation relative du nombre d’analogues
explosifs des tempétes Alex et Xynthia, ainsi qu'une augmentation significative
du nombre d’analogues explosifs pour la tempéte Eunice, dans un climat futur
par rapport au présent. Nous avons également observé une diminution de la
pression au niveau de la mer des analogues explosifs pour les trois cyclones. En
ce qui concerne les aléas météorologiques, nous avons observé une augmentation
des précipitations et de la sévérité du vent dans les trois tempétes dans le climat
futur par rapport au présent.
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Conclusions

5.1 Overview of the thesis

I began this thesis by outlining the emergence of Extreme Event Attribution, a relatively
recent field aimed at understanding the influence of climate change on extreme events,
with potential applications such as compensation for damages. Subsequently, I intro-
duced various methodological approaches that have evolved over time, presenting them
along a spectrum ranging from unconditional to conditional to the dynamics leading to
the observed extremes. I emphasized the limitations of each approach and highlighted
their complementary nature when combined. Additionally, I explored diverse event
definitions, considering hazards, dynamics, and impacts.

Because of its novelty, the conditional approach is relatively less studied than the
unconditional approach. For instance, more attention has been given to evaluating how
climate change has influenced the frequency of observed wet and windy extremes, rather
than analyzing how the phenomenon that leads to such extremes — such as an explosive
cyclone — has changed in a warmer world. Hence, this thesis aims to address this
precise question: how climate change influences the dynamics, magnitude, or frequency
of certain observed extratropical cyclones that lead to wet and/or windy extremes. To
investigate the impact of climate change on extratropical cyclones through a conditional
approach, we rely primarily on the analogues approach to identify cyclones resembling
those observed in two distinct climates. The first research question introduced in this
thesis was: Q1 How can we define an analogue of an extratropical cyclone? Each
chapter explores a different definition of an analogue.

In Chapter 2, we address Q2: Can we identify ongoing changes in the meteorolog-
ical hazards, such as precipitation and wind speed, in a severe ETC? We introduced
a methodology wherein we define an analogue of an extratropical cyclone based on
its synoptic sea level pressure pattern. Using Storm Alex in early October 2020 as a
case study, we observed that Alex-like storms in a more recent climate, characterized
by higher anthropogenic emissions, resulted in increased local precipitation in regions
most affected by heavy rainfall, compared to a past climate. We found a deepening
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of cyclones at low levels in the present climate. Additionally, using dynamical system
metrics, we observed an increase in the persistence of storms.

Chapter 3 addresses Q3: How can we apply the analogues approach in ETCs that
occur in regions of complex topography and are associated with heavy rainfall or strong
winds regionally? We presented a multivariate approach, where we define an analogue
based on both its sea level pressure pattern (dynamics) and precipitation and wind speed
(meteorological hazards). For the first Emilia-Romagna flooding event, we observed
increased precipitation locally in a more recent climate compared to the past. Future
projections using high-resolution regional models showed an overall agreement for the
last flooding event, indicating an increase in precipitation over the region in a future
climate. However, there was less agreement regarding the first two events.

In Chapter 4, we address Q4: How will some North Atlantic explosive ETCs that
had strong impacts in Furope change in a future climate in terms of frequency and
magnitude? We identify analogues of the development stage of cyclones in present
and future projections using a general circulation model. Focusing on three explosive
cyclones that hit Western Europe in recent decades, we found that in the future world,
these cyclones are associated with higher precipitation and wind speed. Moreover, we
found an increase in the frequency of the explosive analogues. For two of them, we
observed a clear cyclonic relocation of weather fronts, suggesting an increase in the
deepening rate of the cyclones over the ocean.

Throughout the thesis, we have thus used three definitions for identifying an ana-
logue of an extratropical cyclone. In dynamical system metrics, analogues are defined
as the points in the vicinity of a specific point in phase space, corresponding to an
instantaneous atmospheric state. Hence, by changing the definition of an extreme ex-
tratropical cyclone, we change the entire phase space. For instance, in the multivariate
approach presented in Chapter 3, our phase space is defined by sea level pressure, pre-
cipitation, and wind speed, thus defining analogues as those that are similar in terms
of these variables. Consequently, the definition of an analogue is inherently tied to the
definition of the extreme extratropical cyclone itself. This underscores the subjective
nature of defining analogues, as it is intrinsically linked to our interpretation of what
makes a cyclone characteristic, as well as the criteria we use to define it effectively.

5.2 Limitations and Implications

5.2.1 Limitations

Several limitations must be considered regarding the results and analyses presented in
this study. Firstly, in Chapter 2, we relied on ERA5 data to assess ongoing trends in
Storm Alex. Although ERASJ is one of the most advanced reanalyses available, it is not a
direct representation of reality. Moreover, limitations exist in the number of analogues
available for analysis. Additionally, isolating the climate change signal from internal
variability remains challenging, even with 35-year average-periods. While efforts were
made to mitigate this limitation by assessing changes in internal variability indices, the
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influence of internal variability on the trends observed cannot be entirely ruled out.

In Chapter 3, a multivariate approach was employed, again using ERA5 data to
analyze trends in specific Mediterranean cyclones. Similar limitations to those outlined
in Chapter 2 apply here, in addition to the relatively short 30-year periods used in
Euro-CORDEX simulations. In addition, we did not consider other factors at play in
driving extremes, such as extremely dry soil conditions before rainfall for some events,
and saturation for some others.

Lastly, Chapter 4 used a large ensemble of the CESM model to better isolate the
climate change signal from internal variability. While this approach offers robustness
due to the extensive simulations, and even if previous studies have demonstrated the
CESM model’s reliability in simulating extratropical cyclones in the North Atlantic, it
is important to note that results may vary in other models.

5.2.2 Implications

While these findings may not be directly applicable to all cyclones or regions, they
align closely with previous research on changes in extratropical cyclones in a warmer
world (Dolores-Tesillos et al., 2022; Priestley and Catto, 2022; Seiler and Zwiers, 2016;
Zappa et al., 2013). Most notably, these studies indicate an increase in precipitation
associated with cyclones in warmer climates, alongside a general decrease in storm
numbers but localized increases near the British Isles. Some also suggest heightened
cyclone-associated wind speeds.

What sets this study apart is its focus on assessing a single extratropical cyclone.
Given the chaotic nature of the atmosphere and climate system, each cyclone is unique,
resulting from a combination of various baroclinic and diabatic processes, further influ-
enced by regional characteristics such as topography. While broader studies averaging
different factors across various cyclones are crucial for understanding general trends, the
specificity of our analysis offers valuable insights. By dissecting the characteristics and
behaviour of a single cyclone, we can gain deeper insights into the impacts of climate
change on specific meteorological phenomena.

Demonstrating that specific extratropical cyclones leading to extreme wet or windy
conditions have been enhanced by climate change, or are more likely to occur, is crucial
information specially for local residents and policymakers. It raises awareness of how
climate change can impact tangible and direct events, such as extreme weather, beyond
global mean temperature increases. Moreover, it offers practical applications, such as
information for potential resilience-building measures. For instance, if we anticipate that
cyclones like Eunice will become more frequent and severe, communities may choose to
reinforce infrastructures accordingly.
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5.3 Future research directions

Addressing the limitations identified in this thesis opens the opportunity for future
research to further advance our understanding of the influence of climate change on
observed extratropical cyclones. One of the main limitations stems from the limited
number of analogues, attributed to the constrained temporal coverage. Hence, one
could use an ensemble of simulations to address this issue. This approach would au-
tomatically imply a better assessment of the role of internal variability in driving the
changes observed.

Incorporating additional variables in the multivariate approach presents another
promising direction for future research. By expanding the set of variables used to
define extreme events, such as incorporating measures of atmospheric moisture content
or vertical wind shear, we can better capture the complex dynamics driving cyclone
development and intensity. This would enable a more precise identification of analogues
that closely match the conditions associated with such extremes. Furthermore, we could
explore changes in the frequency of such analogues, rather than restricting our analysis
to change in magnitude of hazards.

Furthermore, many of these events involve small-scale processes that are not well-
captured in current models or reanalyses. Using convection-permitting simulations,
which better resolve convective processes crucial to short-duration extremes, could ad-
dress this limitation.

For future projections, a promising approach is to combine the meteorological haz-
ards found with changes in adaptation to assess impacts, similar to what was proposed
by Visser et al., 2014. For example, incorporating possible scenarios of radiative forcing
as well as scenarios of adaptation, and then assessing in detail the differences among
the combinations. This approach would involve translating scientific insights into ac-
tionable information. I see this interdisciplinary approach not only bridging the gap
between scientific research and real-world applications but also providing directly ap-
plicable information to policymakers.

Advancements in machine learning techniques hold promise for enhancing our mod-
eling capabilities and optimizing our techniques. For example, in the context of this
thesis, machine learning techniques could improve the assessment of the domain used
to find analogues, determine which variables to include, or optimize the selection of
analogues.

Finally, I believe that we should put more efforts to observe, model, and expand our
analysis of extremes to the Global South. It is crucial that we deepen our understanding
of the consequences of climate change for the most vulnerable populations. Personally, I
see Extreme Event Attribution as a potential tool to support loss and damage processes
at a large scale. By focusing on these regions and communities, we can not only enhance
our scientific understanding but also contribute to more equitable and effective responses
to the challenges posed by climate change.
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Résumé en Francais

La premiere question de recherche introduite dans cette these était: Q1 Comment
pouvons-nous définir un analogue d’un cyclone extratropical (CET)? Chaque
chapitre explore une définition différente d’'un analogue. Dans le chapitre 2,
nous abordons Q2: Pouvons-nous identifier des changements en cours dans les
dangers météorologiques, tels que les précipitations et la vitesse du vent, lors d’un
CET sévere? Nous avons introduit une méthodologie ot nous définissons un
analogue d'un cyclone extratropical en fonction de sa configuration synoptique
de pression au niveau de la mer. Le chapitre 3 aborde Q3: Comment pouvons-
nous appliquer l'approche des analogues dans les CET qui surviennent dans des
régions & topographie complexe et sont associés a des précipitations abondantes
ou a des vents forts a l'échelle régionale? Nous avons présenté une approche
multivariée, ot nous définissons un analogue basé a la fois sur son schéma de
pression au niveau de la mer (dynamique) et sur les précipitations et la vitesse
du vent (dangers météorologiques). Dans le chapitre 4, nous abordons Q4: Com-
ment certains CET explosifs de [’Atlantique Nord ayant eu un fort impact en
Europe changeront-ils dans un climat futur en termes de fréquence et d’intensité?
Nous identifions des analogues du stade de développement des cyclones dans les
projections actuelles et futures a 'aide d’un modele de circulation générale. En
nous concentrant sur trois cyclones explosifs ayant frappé I’Europe occidentale au
cours des dernieres décennies, nous avons constaté que dans le monde futur, ces
cyclones sont associés a des précipitations et a des vitesses de vent plus élevées.

Limitations et Implications

Plusieurs limitations doivent étre prises en compte concernant les résultats
et analyses présentés dans cette étude. La principale concerne le nombre limité
d’années et d’analogues pour les chapitres 2 et 3. Isoler le signal du changement
climatique par rapport a la variabilité interne reste difficile, méme avec des péri-
odes moyennes de 35 ans. Bien que des efforts aient été déployés pour atténuer
cette limitation en évaluant les changements dans les indices de variabilité in-
terne, I'influence de la variabilité interne sur les tendances observées ne peut étre
entierement écartée. Pour le chapitre 4, nous avons utilisé un seul modele; il est
important de noter que les résultats peuvent varier dans d’autres modeéles.

Ce qui distingue cette étude est son focus sur I’évaluation d’un seul cyclone
extratropical. Etant donné la nature chaotique de 'atmosphére et du systéme
climatique, chaque cyclone est unique, résultant d’une combinaison de divers pro-
cessus barocliniques et diabatiques, influencés davantage par des caractéristiques
régionales telles que la topographie. Alors que les études plus larges qui moyen-
nent différents facteurs a travers divers cyclones sont cruciales pour comprendre
les tendances générales, la spécificité de notre analyse offre des perspectives sup-
plémentaires. En analysant les caractéristiques et le comportement d'un seul
cyclone, nous pouvons obtenir des informations plus precises sur les impacts du
changement climatique sur des phénomenes météorologiques spécifiques.

Démontrer que des cyclones extratropicaux spécifiques entrainant des con-
ditions extrémement humides ou venteuses ont été renforcés par le changement
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climatique, ou sont plus susceptibles de se produire, est une information crucial
notamment pour les résidents locaux et les décideurs. Cela sensibilise & la maniere
dont le changement climatique peut affecter des événements tangibles et directs,
tels que les phénomenes météorologiques extrémes, au-dela de 'augmentation
moyenne mondiale des températures. De plus, cela offre des applications pra-
tiques, telles que des informations pour des mesures potentielles de renforcement
de la résilience au changement climatique.

Orientations futures de la recherche

Une des principales limitations découle du nombre limité d’analogues; il serait
donc opportun d’utiliser un ensemble de simulations pour aborder cette question.
De plus, les simulations qui résolvent les processus convectifs cruciaux pour les
événements extrémes de courte durée pourraient étre utilisées, car elles simulent
mieux les cyclones de méso-échelle. Pour les projections futures, une approche
prometteuse consiste a combiner les risques météorologiques identifiés avec les
projections d’adaptation au changement climatique, afin de les évaluer ainsi que
d’évaluer I'impact total.

Je pense que nous devrions déployer davantage d’efforts pour observer, mod-
éliser et étendre notre analyse des extrémes vers le Sud Global. 1l est cru-
cial d’approfondir notre compréhension des conséquences du changement clima-
tique pour les populations les plus vulnérables. Personnellement, je considere
I’ Attribution d’Evénements Extrémes comme un outil potentiel pour soutenir les
processus de pertes et dommages a grande échelle. En nous concentrant sur ces
régions et ces communautés, nous pouvons non seulement améliorer notre com-
préhension scientifique, mais aussi contribuer a des réponses plus équitables et
efficaces aux défis posés par le changement climatique.
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Abstract

Extreme event attribution aims at evaluating the impact of climate
change on specific extreme events. In this work, we present an attribu-
tion methodology for severe extratropical cyclones, and test it on storm
Alex. Alex was an explosive extratropical cyclone that affected South-
ern France and Northern Italy at the beginning of October 2020. The
methodology exploits mathematical properties of circulation analogues,
and identifies changes in physical and statistical properties. We first
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divide 6-hourly ERA5 data into two periods: a counterfactual period
(1950-1984) and a factual period (1986-2021). We then identify the 30
cyclones in each period whose sea-level pressure maps are closest to
Alex’s map by selecting those with the lowest Euclidean distance from
Alex. We term these “analogues” of Alex. We find that analogues in
the factual period are more persistent than in the counterfactual period,
which may favour severe impacts resulting from persistent strong winds
and heavy precipitation, as was the case for Alex. This effect is com-
pounded by the doubling in accumulated daily precipitation detected
in Northern Italy between the counterfactual and factual analogues. In
the factual period, the analogues display an increase in the eddy kinetic
energy in their growth phase, with poleward-shifted backward tracks. We
also identify a seasonal shift of the analogues, from spring to autumn.
Finally, the analogues in the factual period are closer to Alex than in the
counterfactual period. These changes collectively point to high-impact
storms like Alex having become more common in a changing climate.

Keywords: Extratropical explosive cyclones, Extreme Event Attribution,
Climate Change, Analogues
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1 Introduction

Under global warming, the atmosphere is experiencing dynamic and ther-
modynamic changes (Allan et al, 2021). Understanding and predicting such
changes is an essential step in order to evaluate climate-related hazards today
and in the future (Portner et al, 2022). A major effort in this direction has
been achieved with extreme event attribution (EEA) (National Academies of
Sciences, Engineering, and Medicine, 2016). EEA is an emerging field that
originated in the early 2000s (e.g. Stott et al, 2004) whose objective is to esti-
mate to what extent climate change influences the likelihood and severity of
specific extreme climate events. Extreme event attribution combines statistical
analyses and physical understanding (Stott et al, 2016), and has been applied
to a broad range of extremes events, including droughts, cold spells, heatwaves
or extreme rainfall events (e.g. Philip et al, 2018; Cattiaux et al, 2010; Stott
et al, 2004; Jézéquel et al, 2018; Pall et al, 2011).
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Some extreme event categories have nonetheless proved more difficult to
analyse in an attribution framework than others. An example are extratropical
cyclones (ETCs), whose location, frequency and intensity depend on a combi-
nation of large-scale, synoptic-scale and smaller dynamic and thermodynamic
features (Shapiro et al, 1999). This makes it challenging to both understand
recent trends in ETC occurrence and project future ones (e.g. Shaw et al, 2016).
In the Northern Hemisphere (NH), the number of ETCs has likely increased
in recent decades (Chang and Yau, 2016), while there is evidence of a decrease
in the number of NH extreme cyclones in winter (Neu et al (2013), referred
to as deep cyclones) and in summer (Chang et al (2016), referred to as strong
cyclones). However, there is low confidence for such changes as they are sub-
ject to high internal variability and regional variations and they are sensitive
to the choice of reanalysis (Tilinina et al, 2013) and cyclone detection and
tracking methods (Neu et al, 2013). In future climate projections, the num-
ber of ETCs in the storm track regions is projected to decrease globally, while
the number of extreme cyclones is likely to increase in NH winter (Priestley
and Catto, 2022). As stated in the last IPCC report, the precipitation asso-
ciated with ETCs over the NH (Seneviratne et al, 2021) and the number of
ETCs associated with extreme precipitation (Lee et al, 2021) are projected to
increase (high confidence). However, there is a less clear response regarding
wind speed changes, which are expected to be small and subject to regional
variations (Seneviratne et al, 2021).

These global or hemispheric-scale changes mask a number of important
regional trends, although in many cases it may be difficult to determine to
which extent these depend on long-term climatic changes or on low-frequency
internal climate variability. For example, in the North Atlantic, there is evi-
dence of an overall poleward shift of the storm track between 1979 and 2010
(Tilinina et al, 2013). The same authors state that very deep cyclones (<960
hPa) increased in frequency in the North Atlantic region from 1979 to 1990 in
most reanalyses, and declined thereafter. However, such changes may be mod-
ulated by the interdecadal variability of the North Atlantic Oscillation (Feser
et al, 2015). Simulations of future climates from the Coupled Model Inter-
comparison Project phases 5 and 6 (CMIP5 and CMIP6) project a tripolar
anomaly pattern in winter North Atlantic storm track, with an extension of
storm activity further into Europe and a decrease on the storm track’s north-
ern and southern flanks (Harvey et al, 2020; Zappa et al, 2013; Priestley and
Catto, 2022). CMIP5 models and Regional Climate System Models from the
Med-CORDEX initiative also show a weakening of the storm activity over
the Mediterranean region (Zappa et al, 2015; Reale et al, 2022). However,
according to the last IPCC report (Lee et al, 2021), there is low confidence
in regional change projections in the NH and especially in the North Atlantic
in winter due to ”large natural internal variability, the competing effects of
projected upper- and lower-tropospheric temperature gradient changes, and
new evidence of weaknesses in simulating past variations in North Atlantic
atmospheric circulation on seasonal-to-decadal timescales”.
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115 The uncertainty surrounding past and future regional trends in ETCs high-
ue lights the difficulty in attributing their occurrence to climate change. Here, we
n7  present an attribution methodology applicable to severe extratropical cyclones,
us and test it on storm Alex: an explosive cyclone that affected France and Italy
ne in October 2020. We demonstrate that a combination of analogue analysis,
120 dynamical systems theory and extreme value theory enables to attribute the
1 characteristics and impacts of individual extratropical cyclones to the ongoing
122 climatic changes.

123 The paper is organized as follows: section 2 describes the characteristics of
124 Alex. Section 3 provides a detailed description of the data and methods used.
s It is followed by the presentation of the results in section 4 and a discussion
126 and conclusion in section 5.

= 2 Alex: a high-impact explosive cyclone

s Storm Alex was a powerful explosive cyclone (Sanders and Gyakum, 1980; Neu
1o et al, 2013) that affected south-western Europe in October 2020. It formed as
1o a small perturbation south of Greenland and was named by Météo-France on
1 the 1st of October. Favoured by a very strong jet stream with core speeds of
132 up to 100 m/s, Alex deepened rapidly and experienced explosive cyclogenesis
133 between the 1st and the 2nd of October with a deepening rate of 1.62 Bergeron.
134+ The cyclone made landfall in Brittany on the night between the 1st—2nd Octo-
135 ber, with very intense surface winds of up to 140 km/h that caused widespread
s damage. On the 2nd of October in the early morning the cyclone reached its
137 minimum pressure with values around 970 hPa (such as 969,6hPa in Vannes,
s France (Météo France, 2021)). The size of the cyclone was about 2210° km?,
1o with an effective radius of 810 km, computed using the area enclosed in the
o last closed isobar with 1 hPa step using the ERA5 reanalysis dataset (Hers-
11 bach et al, 2020). Alex then remained stationary over the English channel for a
12 day. Southeasterly winds were induced in southern France and northern Italy,
w3 carrying warm, humid air from the Mediterranean and producing extremely
us  heavy rainfall and strong winds. This phenomenon is known as a Mediter-
us  ranean episode (WMO, 2020). On the 3rd of October the cyclone weakened
us and moved to Normandy. Finally, on the 4th of October, Alex headed north-
w7 ward to England and dissipated during the following days over the North Sea.
us  Figure 1 shows Alex’s backward and forward trajectories. It also shows the
1 maximum wind gusts over land and the total accumulated precipitation over
150 the domain between the 1st and the 4th of October at 06:00 UTC. As a caveat,
151 it is possible that not all the precipitation and wind gusts displayed in Figure
12 1 are directly associated with storm Alex.

153 The persistence of storm Alex over the same region resulted in severe
154 impacts, especially in southern France and northern Italy. The area located
155 windward of the Alps received heavy and prolonged orographically-driven rain-
156 fall, leading to numerous record-breaking precipitation amounts registered in
157 the Alpes-Maritimes, Var and Piedmont regions. Piedmont had the highest
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rainfall since 1951, recording 630 mm in 24h in Sambughetto (European State
of the Climate, 2020). Saint-Martin-Vésubie, a village in Alpes-Maritimes,
recorded 501 mm of precipitation in 24 hours (Météo France, 2020a), which
corresponds to more than three times the climatological October precipita-
tion (Météo France, 2020b). Alex caused at least 23 fatalities (10 in France,
10 in Ttaly, 1 in Austria, 1 in Poland and 1 in the Czech Republic), more than
10 missing people and an estimated economic loss of about 2.7 billion euros
(Météo France, 2021; Riviera 24, 2021; The Watchers, 2020; Aon, 2020).
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Fig. 1 (a) Backward (grey) and forward (black) trajectories of storm Alex relative to its
point of maximum intensity. Total accumulated precipitation (shading) and maximum 10m
wind gusts (coloured dots) between 01,/10/2020 at 06:00 UTC and 04/10/2020 at 06:00 UTC,
when Alex had its largest impacts. The numbers indicate when cyclogenesis occurred (1),
when Alex reached its minimum sea-level pressure (2), and when it underwent cyclolysis (3).
Dashed lines indicate the spatial domain used to find the analogues, covering (20W—-20E, 35—
65N). We use ERAS5 6-hourly data to track the cyclone, and ERAB hourly data to obtain the
accumulated precipitation and maximum 10m wind gusts (see Section 3 for further details).
The maximum 10m wind gusts were obtained for every region of France, Italy, and Spain,
using spatial masks according to NUTS2 regions (Eurostat, 2021); here we only present
some regions to have a general view of the storm’s impacts. (b) The corresponding sea-level
pressure evolution at the cyclone center as a function of time and longitude.
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s 3 Methodology

17 We compute flow analogues (Yiou, 2014) to find pattern recurrences of Alex in
s mean sea-level pressure (SLP), and assess changes in the analogues within the
10 ERAD reanalysis dataset (Hersbach et al, 2020). We use 6-hourly data from
w1950 to 2021, which we split into two 35-year periods: a factual period, from
i November 1986 to November 2021, and a counterfactual period, from January
2 1950 to December 1984. We refer to them as [1986-2021] and [1950-1984],
3 respectively. The latter is meant to represent a climate only weakly affected
s by anthropogenic emissions, while the former presumably displays a stronger
s anthropogenic influence. This assumption is supported by a substantial change
e in the effective-radiative forcing from the 1980s onwards, as shown in Figure
77 2.10 of Chapter 2 in the last IPCC Sixth Assessment Report, (Gulev et al,
s 2021), and by a significant increase in the number of storms in the North
e Atlantic in the factual period with respect to the counterfactual (Fig. B1).
180 The number of storms has been counted using the TempestExtremes software
;1 package (Ullrich et al, 2021; Ullrich and Zarzycki, 2017; Zarzycki and Ullrich,
12 2017). We pick 35-year periods as a balance between needing periods that are
153 short enough to assume a relatively constant climate state, yet long enough
18« to assume that interannual variability issued from periodic variations such as
15 the El-Nino — Southern Oscillation averages out. Adopting two periods around
185 30-year long is a common practice in attribution studies (e.g. Luu et al, 2018;
17 Vautard et al, 2019). We have tested that changing the periods slightly (e.g.
s [1950-1975] and [1995-2020]) do not alter qualitatively the results.

1

=Y

1w 3.1 Analogue circulation patterns

1o We identify the 2nd of October 2020 at 6:00UTC as approximately when storm
1 Alex reached its lowest central pressure (970.48hPa according to ERA5 data)
12 while stalling over the English Channel. We term this time step lag 0 date
103 of Alex. We then use mean sea-level pressure to identify the best 30 analogue
104 cyclones in the counterfactual and factual periods. To select the analogues,
s we compute the Euclidean distance between the sea-level pressure maps of
s the 2nd of October 2020 at 06:00UTC and all other time steps at each grid
w7 point of the spatial domain covering [20W-20E, 35-65N]| (dashed-line box in
s Figure la). Then, we average the Euclidean distances for all grid boxes across
199 the domain for each timestep, resulting in a time series of domain-averages
20 FEuclidean distances. The 30 analogues are the timesteps that display the 30
21 smallest Euclidean distances. To avoid counting several times the same cyclone,
22 We impose a minimum 7-day separation between analogues. This is justified
203 by the fact that 3 days is a typical timescale for the formation and decay of
204  an extratropical cyclone (Moon et al, 2021), but that specific cyclones can last
205 longer than this (e.g. Alex lasted 7 days). Since our main purpose is to find
206 distinct storms similar to Alex in order to assess changes in their dynamical
207 characteristics, we deem a 7-day separation appropriate. Changes in the spatial
28 domain of up to 10 degrees do not alter the results in a significant manner.
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Some quantitative changes are however expected when the domain is modified,
as the analogues include information about all atmospheric structures within
the chosen domain. The choice of 30 analogues is a balance between the needs
to have a large enough sample size to make statistical inferences, and to have
analogues that are suitably close to the reference event we are studying. Using
25 or 40 analogues rather than 30 does not change our results substantially.
We have computed the average Euclidean distance of the closest 30 events
for each sea-level pressure map of the two periods and found no significant
differences in the probability distributions (Fig. B2). Hence, we conclude that
30 analogues is a robust choice.

Once we have obtained the lag 0 dates of the 30 best analogues — namely
the dates when the minimum Euclidean distance for each analogue is attained
— we compute their composite maps for several variables of interest for each
period, and the difference map between them. Figures B3 and B4 show the
mean sea-level pressure patterns at the lag 0 dates of the 30 analogues in the
counterfactual and factual period, respectively. Additional variables of interest
include geopotential height at 500 hPa (Z500), eddy kinetic energy at 500 hPa
(EKE500), 24-hour accumulated precipitation (PR), 2m air temperature aver-
aged over 24 hours (T2M), maximum 10m wind gust within 24 hours (WG),
and deseasonalized 2m air temperature (T2Mdes). EKE500 is computed using
a 24-hours difference filter (Wallace et al, 1988). WG is the maximum 3-second
wind at 10 m height as defined by the World Meteorological Organization
(WMO, 1987), where the gust is computed at every time step and the maxi-
mum is kept since the previous post-processing. To compute PR and WG, we
use hourly data, and to evaluate T2M we use 6-hourly data. The start times
to compute the accumulated values for PR, average values for T2M and max-
imum values for WG are the lag 0 dates and end times are 24 hours after
them, that is, at lag +24 hours. To evaluate T2Mdes, we first compute a 31-
day running-mean smoothed seasonal cycle for each period. We then subtract
the smoothed seasonal cycle from the T2M data.

For each analogue, we compute 48 hours backward and forward cyclone tra-
jectories with a 6-hours time step using a semi-objective Lagrangian approach.
Cyclone centers are automatically identified by following the absolute mini-
mum sea-level pressure. We have then checked and corrected each trajectory
manually if needed, which induces some subjectiveness in our method. Some
cyclones originate from secondary cyclogenesis, that is, from the trailing fronts
of a ‘primary cyclone’ (Parker, 1998; Priestley et al, 2020). They are typically
diagnosed by a trough in the sea-level pressure configuration of the primary
cyclone. Here we detect them using a semi-objective method where troughs
are detected visually but are required to have a minimum depth of 5hPa. We
have compared factual cyclone tracks with those obtained following Pinto et al
(2005), which corresponds to the method M02 from Neu et al (2013) of the
Intercomparison of Mid Latitude Storm Diagnostics (IMILAST), without find-
ing any qualitative differences. Hence, the tracking method used here is not
expected to alter our results and conclusions.
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We count the number of cyclones that experienced explosive cyclogenesis
following the definition of Sanders and Gyakum (1980) as those with a Normal-
ized Central Pressure Deepening Rate (NDR, Reale et al (2019)) greater than
1. We also count the number of cyclones entering the Mediterranean region as
those that, after 24 hours or more, are located at latitudes south of 43°N and
longitudes east of 3°E.

We finally assess the quality of analogues. We first compute SLP anomalies
by subtracting Alex’s SLP from the mean SLP of the analogues in the two
periods. Second, we represent the probability distributions of the values of
the SLP Euclidean distances between Alex and its analogues and we term it
analogues quality.

3.2 Dynamical systems metrics

In order to characterise the dynamics of storm Alex and its analogues, we use
local dimension and persistence metrics issued from dynamical systems theory.
These metrics describe the local properties of a dynamical system (Lucarini
et al, 2016), which for atmospheric data may be related to the characteristics of
instantaneous regional atmospheric patterns (e.g. Messori et al, 2017; Faranda
et al, 2017; Alvarez-Castro et al, 2018; Messori et al, 2021).

We follow the approach from Faranda et al (2017) and Lucarini et al (2016),
who combine extreme value theory with dynamical systems theory to com-
pute the local dimension d and persistence §~! of dynamical systems. Local
dimension d describes the phase-space geometry of the trajectories in the neigh-
bourhood of a certain state of the system. The higher d, the higher the number
of possible evolutions to and from that state. The persistence §~! measures
the average residence time around a given state, and is given by the inverse
of the extremal index 6. 6 has units of frequency (here 1/6 hours™!, as we use
6-hourly data). Hence, to find the persistence in hours, we multiply 6~ by a
factor of 6. A detailed description of the procedure to compute d and 0! is
provided in Appendix A.

3.3 Assessing statistical significance

To assess the statistical significance of the differences between the analogues’
averages in the factual and counterfactual periods, we apply a bootstrap pro-
cedure with 1000 iterations (Wilks, 2005). Our null hypothesis is that both
sets of analogues are drawn from distributions with the same mean. If the dif-
ference of the two original samples — factual minus counterfactual — has an
absolute value larger than the 95th percentile of the bootstrap distribution, we
reject the null hypothesis and conclude that the differences are statistically sig-
nificant. To compute Confidence Intervals (CI) for statistical samples we again
apply a bootstrap procedure with 1000 iterations, with a 95% confidence level,
namely taking the 2.5th and 97.5th percentiles of the bootstrap distribution
as the lower and upper bounds, respectively. To evaluate the CI of the local
dimension d we resample the exceedances of the threshold s(q) (see section A)
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and compute d in each iteration. To calculate the CI of the extremal index 6 we
resample the inter-cluster and cluster sizes with equal probabilities (Siiveges,
2007), and compute 6 for each sampling iteration. Finally, the statistical sig-
nificance of the differences between boxplots is assessed using a two-sample
Kolmogorov-Smirnov test (Wilks, 2005), with a 5% significance level. The null
hypothesis is that both data samples belong to the same, unknown distribution.

4 Results

4.1 Circulation patterns

Figure 2a—c shows the SLP map for the lag 0 time step of Alex and the
composite SLPs for analogues during the counterfactual and factual periods,
respectively. Both sets of analogues capture the large-scale structure of Alex,
albeit with a weaker magnitude as may be expected by the average of 30
events. Note that when computing the Euclidean distances to find the ana-
logues we use the domain shown by the dashed-line box in Fig. 1, and so the
North Atlantic large-scale atmospheric configuration might differ between ana-
logues. The difference between the two analogue composites (Fig. 2d) displays
an SLP dipole: high pressure anomalies over the North Atlantic and low pres-
sure anomalies over North Africa. This northward (southward) extension of
the high (low) pressure system yields an increase in the waviness of the pat-
tern in the factual period. No significant differences are found at the cyclone
center. In the middle troposphere (Z500), the analogues capture the low pres-
sure structure over England that characterised Alex (Fig. 2e, f, g). The Z500
differences between the analogues in the two periods (Fig. 2h) partly resem-
ble those in SLP: there is a northward extension and a strengthening of the
Azores anticyclone, enhancing the waviness of the pressure field.

Fig. 3 shows Alex’s SLP and Z500 and the composite SLP and Z500 of
the analogues 12 hours after lag 0 dates, that is, at lag +12 hours. We find
negative, albeit marginally significant, SLP anomalies over the cyclone core
region. In the mid-troposphere, Z500 shows high-pressure anomalies over the
North Atlantic. The pattern of the background flow is thus wavier in the factual
period, as for lag 0, due to low-pressure anomalies in the cyclone region and
upstream high-pressure anomalies.

We further analyse the EKE500 maps for Alex and its analogues (Figure
2i-1) 24 hours before lag 0 dates, that is, at lag -24h hours. There is a clear
difference between Alex’s EKE500 and that of the analogues in both periods,
which emphasizes that the analogue storms have different origins across the
North Atlantic basin. Composite EKE500 analogue differences between the
two periods (Fig. 21) show a dipole of positive anomalies west of England and
weaker negative anomalies at lower latitudes, representing a poleward shift in
the factual period with respect to the counterfactual. In addition, EKE500
differences centered at 48 hours before Alex show this dipole but shifted about
10° to the west (Fig. B5). This pattern suggests a higher-latitude origin of the
storms in the factual period, consistent with the increase in the waviness found

9
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Fig. 2 Mean sea-level pressure (a) and geopotential height at 500hPa (e) at the lag 0
date of storm Alex and 500 hPa eddy kinetic energy (i) 24 hours prior to the lag 0. SLP
composites of the 30 analogue storms for the counterfactual (b) and factual (c) periods, and
the corresponding Z500 (f,g) and EKE500 (j,k) composites. Factual minus counterfactual
differences of SLP (d), Z500 (h) and EKE500 (1). Coloured contours in (d) and (h) show the
differences while grey contours show the counterfactual absolute values. Shading in (d, h, 1)
shows statistically significant differences. In all panels, negative and low values are stippled

in the SLP and Z500 maps (Fig. 2d,h). Figure 21 also shows an increase of the
maximum EKE500 over most of the North Atlantic, which implies that storms
in the factual period are more energetic in their growth phase than those in
the earlier period.

4.2 Cyclone tracking

To better assess changes in storm location, the tracks of the analogue cyclones
are shown in Fig. 4. There is a clear latitudinal shift in the backward trajec-
tories, that is, the trajectories of the cyclones up to 48 hours before the lag
0 dates: in the factual period (solid red), the storms head towards Europe
from higher latitudes than those in the counterfactual period (dashed blue).
There is no overlap in the confidence intervals, which means that this shift
is statistically significant. The forward trajectory response, that is, up to 48
hours after the lag 0 dates, is less clear, as most storms dissipate not far
upstream of the English Channel. The backward trajectory of Alex shows that
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Pa m
(b) SLP +12h [1950-1984] (f) Z500 +12h [1950-1984
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SLP +12h [1986-2021] Z500 +12h [1986-2021
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Fig. 3 Same Fig. 2a—h, but at lag +12 dates.

the cyclone formed and grew at latitudes below 50°N (Fig. 4), indicating a
higher resemblance with those in the counterfactual period.

Mean trajectory

i

= +
& —-- [1950-1984]
—— [1986-2021]
—e— Alex
Ry

55°N

50°N

45°N

{ e - ¢
20°W 10°w 0° 10°E

Fig. 4 Alex’s track (black line) and average cyclone tracks for the factual (red solid line)
and counterfactual (blue dashed line) periods. Dots represent cyclone locations on 6-hourly
timesteps. Ellipses show the confidence interval, built using bootstrapping, for each timestep
of factual (red thin solid lines) and counterfactual (blue thin dashed lines): the x-axis shows
confidence intervals of longitudes and the y-axis of latitudes. Thick ellipses and dots show
the confidence intervals and the average cyclone positions for the dates of the analogues,
respectively.
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A counting of explosive cyclones using the definition of Sanders and
Gyakum (1980) has been performed for both periods. In the counterfac-
tual period two analogue cyclones underwent explosive cyclogenesis, from
11/03/1976 at 6 AM to 12/03/1976 at 6 PM and from 03/10/1984 at 12 AM
to 04/10/1984 at 12 PM. The latter corresponds to storm Hortense, which
mainly affected Southwestern France (Météo France, 2019a). In the factual
period, apart from Alex itself only one explosive cyclone has been found, from
04/11/2000 at 12 AM to 05/11/2000 at 18 PM. This is cyclone Rebekka,
which had its greatest impact in Southern France (Météo France, 2019b). The
NDRs of the two explosive cyclones in the counterfactual period (1.51 and 1.50,
respectively) are larger than that of the single explosive cyclone in the factual
period (1.20). Alex has the largest NDR of our cyclone sample (1.61). The
results presented here only include a very small fraction of the North Atlantic
cyclones, and the explosive cyclone analogues found take place over a short
period of time, between the 1974 and 2000, which is not enough to attribute
the decline (from 2 explosive cyclones to 1) to any specific factor. A counting
of cyclones that ended in the Mediterranean region has also been done, and
we find 3 in the counterfactual world and 5 in the factual. This increase in
frequency may be linked to the increase in waviness seen previously, although
the results found here are insufficient to draw conclusions on the tendency of
the number of Atlantic cyclones reaching the Mediterranean.

4.3 Seasonality of analogues

Figure 5a,b shows that in the counterfactual period Alex-like storms were more
common in spring while in factual conditions they occur chiefly in autumn.
The number of analogues in winter and summer remains unchanged over the
two periods.

14 (a) [1950-1984] 14 (b) [1986-2021]
12 12
10 10
g ° g °
L g =6
4 4
2 2
0 0

DIF MAM JJA  SON DIF MAM JJA  SON

Fig. 5 Frequency of analogues per season, namely winter (DJF), spring (MAM), summer
(JJA) and autumn (SON), for the counterfactual (a) and factual (b) periods.
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The dynamical changes observed in figure 2d,h,l and 4, i.e., a wavier pres-
sure pattern, a strengthening of the eddy activity, and a poleward shift of the
backward trajectories, may be linked to either a direct or an indirect climate
change signal. In the former, climate change would act to shift poleward and
strengthen Alex’s analogues directly. In the latter, climate change leads to a
seasonal shift in the occurrence of analogue storms, and the observed changes
correspond to the changes in the mean behavior of the cyclones according
to the season of most frequent occurrence. The two effects are not exclusive,
and changes may reflect a combination of direct and indirect signals. To help
evaluate these two hypotheses, we search for 30 analogue storms in autumn
(September-October-November) and 30 in spring (March-April-May) for each
period and repeat the analysis of Sect. 4.1 and 4.2. Z500 field shows a wavier
pattern, that is, a northward extension of the high pressure systems, in the fac-
tual period during autumn (Fig. B6), while in spring the pattern is less clear
(Fig. B7). SLP maps show a deepening of the cyclone over France in autumn,
and again a less clear pattern in spring. Hence, we attribute the wavier pat-
tern and the increase in cyclone depth to: (i) a seasonal shift of the analogues
from spring to autumn; and (ii) changes in autumn pressure patterns, when
Alex occurred. This response could be then a combination of: (i) an indirect
and (ii) a direct climate change signal, even though the proportion of (i) and
(ii) is difficult to quantify. The mean tracking shows a clear poleward shift

of backward and forward trajectories in spring, while in autumn the shift is
weaker (Fig. B8).

4.4 Quality of Analogues

Figure 6a,b shows that composite SLP anomalies over the North Atlantic are
smaller in the factual than in the counterfactual period. Figure 6¢ shows the
distributions of the analogues quality. The set of factual cyclones provides
better analogues than the cyclones from the counterfactual period. We also
compute pressure anomalies and analogues quality for spring and autumn ana-
logues separately (Fig. B9 and B10, respectively). Spring anomalies are larger
over the North Atlantic compared to autumn ones in both periods. In the coun-
terfactual period, analogues quality is better in spring than in autumn, which
highlights the similarity of Alex with spring storms. In other words, Alex is
more similar to analogue cyclones in spring in the counterfactual period, while
the North Atlantic atmospheric circulation pattern associated with Alex is
closer to that of the autumn analogues, consistent with the pressure field sea-
sonality (Alex occurred in October). However, the quality of autumn analogues
improves significantly in the factual world, while in spring there is almost no
difference between the counterfactual and factual periods. We thus conclude
that Alex was a ”"black swan” in autumn in the counterfactual period, and
rather reflected the characteristics of spring cyclones. However, in the factual
period the number of autumn analogues is rising (Fig. 5) and the quality is
improving.
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Fig. 6 Sea-level pressure anomalies of counterfactual (a) and factual (b) periods, and box-
plots of analogues quality (c). The white horizontal lines show the means of each distribution
and the white vertical lines the corresponding confidence intervals.

4.5 Impacts

In this section, we evaluate three surface fields to detect differences between
factual and counterfactual impacts: PR, T2M and WG.

Alex generated heavy precipitation in southern and eastern France and
northern Italy (Fig. 7a). The analogues averages (Fig. 7b,c) also show a signif-
icant amount of precipitation over this region in both periods, although much
lower than storm Alex. There is also much weaker precipitation in southern
England, central France and Northern Spain compared to Alex. This may be
ascribed to a combination of weaker analogue cyclones and some variability in
their position that leads to aliasing in the composite. Figure 7d shows a signifi-
cant increase in precipitation between the counterfactual and factual analogues
of more than 12 mm in 24 hours windward of the Alps, a region that suffered
catastrophic consequences from Alex.

The increase in rainfall, probably linked to the Stau effect, is accompanied
by a rise in 2m air temperature (Fig. 7h) leeward of the Alps, linked to the
Foehn effect. In addition, there is a significant increase in temperature by
more than 1.5 K over the eastern Mediterranean, the northeastern Atlantic
Ocean, and the Baltic Sea. This increase can be due to a direct climate change
signal, or it can reflect a shift in the seasonality of the analogues. To better
assess these changes, we repeated the analysis on the deseasonalized T2M field
(Fig. B11). We did not find significant changes between the counterfactual and
factual periods, meaning that the T2M signal over the Alps and sea regions is
mainly due to a shift in seasonality.

Figure 71 shows an increase of the 10m maximum wind gust in the Alps,
Liguria and Provence of up to 5 m/s. Increasing accumulated precipitation
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Fig. 7 24-hour accumulated precipitation for Alex (PR, a), counterfactual analogues (b),
factual analogues (c), and difference between the two periods (d). Daily average of 6-hourly
2-meter air temperature for Alex (T2M, e), counterfactual analogues (f), factual analogues
(g), and difference between the two periods (h). Maximum 10m wind gust within 24 hours
for Alex (WG,i), counterfactual analogues (j), factual analogues (k), and difference between
the two periods (1). Note that color bars in (a),(i) and (b,c),(j,k) are different. The thick
black contour in (h) shows the spatial mask applied in the analysis of Fig. 8 and covers the
target region formed by: Provence-Alpes-Cote d’Azur, Liguria, Piemonte, Lombardia, Valle
d’Aoste, Provincia Autonoma di Bolzano, Veneto, Provincia Autonoma di Trento and Friuli-
Venezia Giulia.
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and maximum wind gust imply that factual cyclones are a greater hazard.
24-hour mean 10m meridional wind (Fig. B12) shows positive anomalies over
the Ligurian Sea and the Gulf of Venice, which enhances the advection of
warm, humid air from the Mediterranean to Northern Italy and Southeastern
France (Fig. B12h). This increase in meridional wind, related to an increase in
the meridional SLP gradient, can also yield the increase in precipitation seen
previously (Fig. 7d, h).

To further quantify the observed increase in precipitation and temperature
in northern Italy and southern France, we first apply a spatial mask (Fig. 7h)
to limit the analysis to the regions of highest impacts for Alex and greater
differences between the counterfactual and factual analogues. This delimited
region is referred to as target region in the remaining text. For Alex’s lag 0
time step, we compute the 99th quantile of PR, T2M and WG over the target
region. We then compute the (spatial) average values above this quantile in
the target region. This procedure is also applied to the analogues. We term the
(spatial) averages maximum precipitation (PRmax), maximum temperature
(T2Mmax) and maximum wind gust (WGmax). Hence, we can determine the
different probability distributions of PRmax, T2Mmax and WGmax, linked to
an Alex-like storm, in the two periods (counterfactual and factual; Fig. 8). We
find that PRmax during Alex is much higher than the rest of the analogues,
reaching almost 250 mm. The means of PRmax for the analogues are around
50 mm in the counterfactual period and 80 mm in the factual period. In addi-
tion, in the factual period the 75% quantile of the boxplot exceeds 100 mm of
rain, while it barely reaches 60 mm in the counterfactual. Hence, in the fac-
tual period there is an increase in maximum rainfall. T2Mmax during Alex is
higher than that of most of its analogues. There is also a shift of the T2Mmax
distribution towards higher maximum temperatures in factual conditions by
about 2°C. WGmax during Alex is higher than that of the analogues in fac-
tual world but comparable with the counterfactual maximum. WGmax mean
and median values increase from counterfactual to factual periods by about 2
m/s. PRmax distribution differences between the two periods are statistically
significant, while the T2Mmax and WGmax differences are not. We repeated
the analysis of Fig. 8 but for the full domain to find the analogues (dashed-line
box in Fig. 1), and applying a land-sea mask for the wind gusts. We have found
qualitatively different results for the wind gusts but similar for precipitation
(not shown). In the case of wind gusts, the differences in the probability dis-
tributions are likely due to features of the synoptic circulation away from the
target region. We found that 8 analogues in the counterfactual period and 12 in
the factual have their highest wind gusts over the target region. Regarding the
precipitation, the region of maximum precipitation of most of the analogues,
that is, 22 in the counterfactual period and 25 in the factual, corresponds to
the region of highest precipitation of Alex.
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Fig. 8 Boxplot of the area-averaged values above the 99% quantile over the target region for
PR (a), T2M (b) and WG (c). The white horizontal lines show the means of each distribution
and the white vertical lines the corresponding confidence intervals. Grey crosses show the
values of Alex.

4.6 Dynamical system metrics

Table 1 shows a decrease in d in the factual world with respect to the counter-
factual, which means that the most recent climate has fewer possible evolutions
than the counterfactual one. In addition, #~! shows that factual period storms
are ~4 hours more persistent than the counterfactual period ones (Table 1).
Hence, the sea-level pressure pattern is more persistent in the factual period,
increasing the stationarity of the cyclonic systems. The differences in d and
6~1 are both statistically significant. The decrease in d and the increase in 6!
point to an increase in the intrinsic predictability, as low values of d and high of
6~ are associated with high-predictability configurations (Messori et al, 2017;
Faranda et al, 2017; Hochman et al, 2019). While this result is obtained specif-
ically for severe cyclones, it is in line with the results found in Faranda et al
(2019) and Scher and Messori (2019) who, using two independent approaches,
argued for an increasing predictability of the midlatitude atmosphere.

[ | [1950-1984] | [1986-2021] [ Change % ||
d 7.5 [6.6 8.3] 6.8 [6.1 7.6] -8.5
0—1 | 20.8 [18.9 22.7] | 24.1 [21.4 26.8] 15.7

Table 1 Local dimension d (unitless) and persistence §~! (hours) in the counterfactual
(first column) and factual (second column) periods, and the relative changes in the factual
with respect to the counterfactual period (third column). Values in brackets show
confidence intervals.

5 Discussion and Conclusion

We have presented a methodology for the attribution of severe extratropical
cyclones and their impacts to ongoing climate change. We specifically applied
this to storm Alex, which struck southern and western Europe in October
2020. We based our analysis on 30 analogue storms (Yiou, 2014) for Alex in
factual (with strong climate change) and counterfactual (with limited climate
change) periods from ERA5, and their dynamical properties.

17




512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

Springer Nature 2021 IXTEX template

18 A methodology for attributing severe extratropical cyclones to climate change

A comparison of the two sets of analogues evidences that the factual storms
typically occur on the background of a wavier atmospheric pattern than the
counterfactual storms. This stronger meridional component of the flow is likely
linked to a slower-moving wave pattern (Screen and Simmonds, 2014), as
also highlighted by a persistence index we computed using dynamical system
theory. This shows an average 4h increase in the persistence of atmospheric
patterns in the factual world. Previous studies also found an increase in persis-
tent circulation regimes in recent years (Alvarez-Castro et al, 2018; Hoffmann,
2018), and some suggest a possible link with Arctic Amplification (Cohen et al,
2018; Yao et al, 2017; Kornhuber and Tamarin-Brodsky, 2021). The observed
amplified low-level warming at high latitudes in the NH (Serreze et al, 2009)
would act to weaken the zonal wind via the thermal wind relationship, result-
ing in an increase in amplitude of the polar jet meandering and slower wave
propagation, and favouring the longer persistence of weather patterns that lead
to extreme events. However, due to the complexity of the eddy-mean flow feed-
backs, the underlying dynamics are not entirely clear (Hoskins and Woollings,
2015). In addition, a challenge arises in distinguishing the forced signal from
the internal variability (Mann et al, 2017; Barnes and Screen, 2015), partly due
to an incomplete knowledge of the influence of high-latitudes on mid-latitude
weather as well as a lack of data (Cohen et al, 2014). Hence, according to the
last TPCC report, ”there is low to medium confidence in the exact role and
quantitative effect of historical Arctic warming and sea-ice loss on mid-latitude
atmospheric variability” (Doblas-Reyes et al, 2021). Further analysis linking
sea-ice loss with the present work’s findings could be performed, although the
lack of reliable sea ice data before 1978 complicates the study.

We further find that, in the factual period, cyclones like Alex are more
energetic in their growth phase, as seen by an increase in the eddy kinetic
energy at lag -24 hours. They also display lower pressures at lag +12 hours
during the decay phase of the storms. This interpretation assumes that lag 0
corresponds also to the mature stage for the analogues of Alex. The analogues
also tend to occur more frequently in autumn and less frequently in spring.
However, this does not imply an a priori influence on storm intensity, as the
two seasons are comparable in this respect (Hoskins and Hodges, 2019). When
separating analogues according to season, autumn analogues have been found
to undergo a large increase in cyclone intensity, which may be related to an
increase in humidity leading to an increase in moist baroclinic instability and
maximum EKE500 of baroclinic eddies (Gutowski Jr et al, 1992). Sinclair and
Watterson (1999) also suggests that an enhancement in water vapor content
and a localized increase in baroclinicity could increase regional storm activity.
In addition, an increase of the land-sea contrast due to a faster warming over
land than over the ocean (Jia et al, 2019) could enhance baroclinicity in sum-
mer and early autumn, yielding to an increase of the cyclones intensity. Further
investigation using ad hoc numerical model simulations would be required to
analyse this and discern the main sources of increased baroclinicity.
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A poleward shift in the factual period of the eddy activity prior to the
storms and of the backward trajectories has been found. According to Hoskins
and Hodges (2019), in autumn the main North Atlantic storm track is located
farther poleward than in spring. Hence, the poleward shift of the trajectories
could be explained by a higher frequency of storms in autumn, as an indirect
climate change signal. There is also a weak poleward shift of the backward
trajectories in autumn, which acts as a direct climate change signal. However,
we have also found that it is in spring when this poleward shift is greatest. In
addition, the wavier pressure field configuration may act to deflect cyclones
poleward over the North Atlantic. We thus deduce that the poleward shift is
due to a combination of: (i) a direct climate change that shifts poleward the
storms, especially in spring, probably due to a poleward shift of the region
of maximum baroclinicity; (ii) an indirect signal, whereby analogues become
more common in autumn when the cyclones are located further poleward; and
(iii) wavier pressure patterns that deflect cyclones. Further analysis must be
performed to evaluate each components’ contribution to the observed poleward
shift of the cyclones. A future pathway could be to create analogues based on
the cyclone tracks.

Finally, an increase in precipitation in Northern Italy has been detected
in the factual period, along with an increase in low-level temperature in the
same region and wind gust over the Alps, Liguria and Provence. This result is
in agreement with Reale et al (2022) and Zappa et al (2015), who, using cli-
mate models, found that the cyclone-related precipitation rate and wind speed
will increase in the central Mediterranean region in a warmer climate. The
increase in precipitation in Northern Italy could have a thermodynamic origin,
linked to temperature by the Clausius Clapeyron relation, and a dynamic ori-
gin, related to the meridional wind and the orographically induced Stau effect.
Deseasonalized temperature differences show that the temperature signal cor-
responds mainly to a seasonal shift of the analogues, which suggests that the
increase in precipitation could be related to the shift from spring to autumn
cyclones. Hence, in a warmer climate, hazardous Alex-like storms may become
more likely, as they occur more frequently in the fall when the Mediterranean
is warmer and the air is moister than in spring. The increase in southerly
advection by 10m meridional wind has a dynamic origin, as storms have lower
core pressures at lag +12 dates in the factual climate. Southerly winds advect
humid air from the Mediterranean, and together with the orographic forcing
by the Alps, can increase precipitation. Hence, given the differences observed
in the surface fields, more flooding could be triggered at the base of the Alps,
the region that suffered the largest impacts during the Alex.

To summarize, our results show a more persistent atmospheric pattern for
Alex-like cyclones in a warmer climate. Both signals indicate that the cyclones
remain over the same region for longer, favouring extreme events that result
from prolonged weather conditions. There is also an increase in the maxi-
mum eddy kinetic energy during their development and the cyclones display
lower pressures during their decay phase. In addition, in the factual period,
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o1 Alex’s analogues produce more precipitation in Northern Italy, and specifi-
sz cally along the southward flank of the Alps, which could trigger more severe
s03 flooding events. We emphasize that our findings do not explicitly demonstrate
s« that the observed changes are entirely anthropogenically-driven, and they may
s also be influenced by the internal variability of the climate system. A large
ss sample of model data would be required to adequately isolate the impact of
o7 anthropogenic radiative forcing.

608 The approach used in this work to attribute storm Alex and its impacts to
s0 climate change combines several techniques, including the analogues method
0 (Yiou, 2014), dynamical systems theory (Faranda et al, 2017), and extreme
su event attribution (Stott et al, 2016), to provide a novel, complete toolkit for
12 attribution studies. This toolkit may be applied with profit to other severe
s13  extra-tropical and tropical cyclones, and provide new insights on the influence
s1a  of climate change on extreme weather phenomena.
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ABSTRACT: Extratropical storms, particularly explosive storms or 'weather bombs’ with ex-
ceptionally high deepening rates, present substantial risks and are susceptible to climate change.
Individual storms may exhibit a complex and hardly detectable response to human-driven climate
change because of the atmosphere’s chaotic nature and variability at regional level. It is thus essen-
tial to understand changes in specific storms for building local resilience and advancing our overall
comprehension of storm trends. To address this challenge, this study performs future projections
for three specific explosive storms, each impacting different European locations: Alex (October
2020), Eunice (January 2022), and Xynthia (February 2010). Using a dataset of 105 members
from the Community Earth System Model version 1 (CESM1), we identify analogues —storms
with a similar development stage— in two periods: the present-day climate (1991-2001) and a
future climate scenario characterized by high anthropogenic greenhouse gas emissions (RCPS.5,
2091-2101).

We evaluate trends in the frequency of occurrence of the storms and intensity, as well as on mete-
orological hazards and the underlying dynamics. For all storms, our analysis reveals an increase
in precipitation and wind speed in the analogues of the future climate, specially for the explosive
ones. These findings underscore the potential consequences of explosive storms modified by cli-
mate change and their subsequent hazards on various regions of Europe, offering evidence that can

be used to prepare and enhance adaptation processes.
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SIGNIFICANCE STATEMENT: This study investigates the impact of climate change on ex-
plosive storms, or weather bombs,” and their potential consequences for European regions. We
project future scenarios of three specific storms, Alex, Eunice, and Xynthia, using a state-of-the-art
climate model. Our findings reveal a trend of increased precipitation and wind speed in these
storms, emphasizing the heightened risks associated with climate change. The significance lies
in understanding the local implications of explosive storms, aiding in the development of resilient

strategies and adaptation measures.

1. Introduction

Weather variability in the mid-latitudes is controlled by atmospheric wave activity, consisting
of propagating synoptic-scale cyclonic and anticyclonic circulation. Therein, extratropical storms
play a key role in affecting the wave guide and producing the majority of high impact weather
(Wallace and Hobbs 2006). They contribute substantially to total precipitation (Hawcroft et al.
2012) and are a source of wind energy (Liu et al. 2008; Rapella et al. 2023). Extratropical storms
can also exhibit extreme behaviour, being associated with strong precipitation and flooding events
(Hawcroft et al. 2018), strong and damaging winds (Roberts et al. 2014a), or a combination of
both (Owen et al. 2021). Given their potential to be associated with meteorological hazards with
significant socio-economic impacts (e.g., Liberato 2014; Jansa et al. 2001), understanding the
evolution of their characteristics in a future climate is crucial.

Several studies have assessed the role of climate change in modifying the underlying dynamics of
extratropical storms (e.g. Lehmann et al. 2014; Priestley and Catto 2022). Changes in frequency,
position and intensity of the storm tracks, namely the preferred regions where storms travel
through, are primary driven by changes in the horizontal temperature gradient in both lower and
upper troposhere and in the vertical temperature profile (Catto et al. 2019). The Coupled Model
Intercomparision Project (CMIP) phases 3, 5, and 6 generally agree on the spatial signature of
the projected changes in storminess in the North Atlantic (Harvey et al. 2020). Specifically,
models project a decrease in storm activity during summer, particularly in the southern regions,
and produce a tripolar pattern in winter of an increase in storm activity in the British Isles and
a decrease in the Mediterranean and Norwegian seas (Zappa et al. 2013; Priestley et al. 2020).

Regarding extreme storms, the response consist of a decrease in frequency of ocurrence in the North
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Atlantic basin, with a weak and local increase over the British Isles and the North Sea in winter
(Zappa et al. 2013; Seiler and Zwiers 2016). Sources of uncertainty of climate projections stem
from difficulties of isolating internal variability from the forced signal (Deser et al. 2012), as well
scenario and model uncertainty (Hawkins and Sutton 2009; Sansom et al. 2013). In addition, low
confidence still persists due to opposing thermodynamic processes that alter baroclinicity (Shaw
et al. 2016), and challenges in resolving meso-scale and small scale features such as the diabatic
processes (Schemm 2023).

While examining general trends in storm behaviour provides a fundamental understanding of the
potential hazards of climate change, it is essential to recognize that specific storms may exhibit
unique characteristics. This stems from the fact that specific storms are influenced by a combination
of factors that may not be accurately captured in general trends, giving rise to a chaotic nature in
the atmosphere and non-linear interactions. In addition, different regions may experience unique
environmental conditions, such as local topography or oceanic currents, resulting in diverse storm
behaviours in different areas. Hence, our study aims to bridge this gap by zooming in on the
particular features of extreme storms in different regions. For this reason, we employ an approach
within the field of Extreme Event Attribution (EEA) (Trenberth et al. 2015; Jézéquel et al. 2018),
specifically designed to address these questions. This field allows us to delve into the domain
of weather science to understand the specific meteorological conditions contributing to the event
while simultaneously evaluating the role of climate change in shaping its occurrence and intensity
(Shepherd 2016). We use a recent EEA approach that involves finding similar events, called
analogues, in two different time periods and comparing their key variables (Faranda et al. 2022).
Some studies have adapted this methodology to be more targeted for extratropical storms (Ginesta
et al. 2022; Faranda et al. 2023).

In our study, we further adapt this EEA approach for the analysis of explosive storms. Explosive
storms are characterized by a strong deepening rate in a short time period, and can produce
widespread damage when they make landfall (Liberato et al. 2013; Fink et al. 2009). These storms
were identified by Sanders and Gyakum (1980) as storms with a "Normalized central Deepening

Rate” (NDR,) greater than 1:

NDRC _ DR24h 51r.1(6() ),
24h  sin(p)

oY)




85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

where DRy, is the pressure difference over 24 hours measured at the storm center and ¢ is
the latitude at its second time step. These storms, also known as “weather bombs”, are mainly
formed in regions of enhanced baroclinicity (Roebber 1984). In the North Atlantic, they primarily
form during the boreal winter in the western part of the basin, where there is a strong horizontal
temperature gradient linked to the Gulf Stream and land-sea contrast, large moisture availability
and strong vertical wind shear (Reale et al. 2019; Brayshaw et al. 2009).

We focus on three explosive storms that hit different parts of Europe: Alex in October 2020,
Eunice in January 2022, and Xynthia in February 2010. Unlike many EEA studies that compare
the present climate with a pre-industrial climate (factual and counterfactual periods), our method
uses present and future climate projections with the Community Earth System Model version 1

(CESM1). Our study aims to:

1. Evaluate how well CESM1 simulates storms with development stages similar to the three

targeted storms.

2. Analyze future climate trends in the frequency of these storms and their deepening rates, con-
sidering the scenario with the highest greenhouse gases emissions, that is, the Representative

Concentration Pathway 8.5 (RCP8.5).

3. Examine changes in the hazard levels of these events, quantified by measuring precipitation

and wind speed.

4. Characterize the underlying dynamics contributing to these observed changes.

In the subsequent sections, we describe the data and methods used (Section 2), explore the
characteristics of the storms (Section 3), analyze occurrence trends and intensity of storms (Section
5), and assess changes in climate drivers and underlying dynamics (Section 6). The conclusions

of our study are presented in section 7.

2. Datasets and methods

a. Datasets

To address the above objectives, we use the Community Earth System Model version 1 (CESM1;

Hurrell et al. (2013)), which is a global coupled climate model with a horizontal resolution of
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about 1 degree. The radiative forcing applied in all simulations is the historical forcing until
2005 and the Representative Concentration Pathway 8.5 (RCP8.5) forcing from the CMIPS5 project
(Meinshausen et al. 2011) from 2005 onwards. We use a multimember initial condition ensemble
CESM-LE (CESM-LE; Kay et al. (2015)), consisting of a 35-member ensemble of simulations
from 1 January 1920 to 2100. To increase the number of members, two additional ensembles of
35 members each are performed. In both, 35 members are rerun from perturbations of O(10713)
on the initial atmospheric temperature field of the first member of the CESM-LE, starting at 1980
and at 2081 (Rothlisberger et al. 2020). After a few years, due to the chaotic nature of the climate
system, the members are in distinct states of their internal variability, and thus they are considered
to be independent (Fischer et al. 2013). Hence, the experimental set—up of this study consists
of 1050 years of a present climate, from 1991 to 2000, and 1050 years of a future climate, from
2091 to 2100. The radiative forcing is assumed to be relatively constant in a 10—year period. Kay
et al. (2015) showed that the spread of the CESM-LE due to internal variability is comparable to
CMIP5. In contrast to many CMIP5 models, CESM does not depict a too zonally oriented North
Atlantic storm track (Dolores-Tesillos et al. 2022). According to Dolores-Tesillos et al. (2022), the
model is able to reproduce fairly well storm frequencies and lifetimes, and most of the biases are
associated to weak or short living storms. However, there is an underestimated number of storms
over the ocean. At smaller scales, the model is able to represent the properties and structure of
extratropical storms and their associated warm conveyor belts (Joos et al. 2023; Binder et al. 2023).
The deepening rates of the weak and medium-strong storms in the NH in winter are also well
captured by the model but there is an underestimation of the explosive ones (Binder et al. 2023).

In this study we also use ERAS reanalysis data (Hersbach et al. 2020), covering the period from
1950 to 2020, as a validation of the CESM model performance. The ERAS dataset has a horizontal
resolution of 31 km.

The variables used from both reanalysis and CESM model are 6-hourly sea level pressure, hourly
precipitation rate, and hourly wind speed at 10m. To better assess the drivers of the differences seen
in CESM present and future periods we further analyze the following 6-hourly variables: equivalent
potential temperature (6,) at 850hPa, horizontal gradient of 6, (Vé,) at 850hPa, distribution of
the upper-tropospheric jet stream, and the low-level Eady Growth Rate (EGR) between 850hPa

and 500hPa. The distribution of the upper-tropospheric jet stream is based on the methodology
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outlined in Koch et al. (2006), where jet occurrence is identified by averaging wind speeds between
400 hPa and 100 hPa (to account for height variations) and exceeding a threshold of 30 m/s. EGR

is computed as:

o(u,
gGr=031L [0 )
N 0z
where [ =2Qsing if the Coriolis parameter, N = %g—g is the Brunt-Viisila frequency, and

%Z’v) is the vertical wind share. Q is the angular velocity of the Earth (7.29 x 10™rad/s), ¢
latitude, u and v zonal and meridional wind speeds, 6 potential temperature, and z geopotential

height.

b. Methods

We use the method of analogues (Yiou 2014), which has already been applied to the study of
extratropical storms (Ginesta et al. 2022; Faranda et al. 2023), to find similar storms to Alex,
Eunice, and Xynthia. In the context of this study, an analogue is defined as a storm with a similar
development stage or a comparable track during its evolution. The full tracks of storms Alex,
Eunice, and Xynthia are shown in figure Al in the Appendix. We define the development stage
of the storms as the 24h period before reaching their mature stage (figure Al of the Appendix
from points O to 1). First, we identify and track all storms in each dataset (ERAS, CESM present,
CESM future). We use a Lagrangian approach where storms centers are defined and tracked as
local minima in the sea-level pressure field (Wernli and Schwierz 2006). We then select the storms
that have the most similar development stages to the targeted storms based on our definition of

analogue. For that, we apply a two-step process:

* We first select all storms in the database that have a minimum sea level pressure lower than
1000 hPa and located within a circle of radius 300 km of the targeted storm center in its
minimum sea level pressure point. This filter ensures that only storms in their mature stage
are considered and that they have reached their minimum sea level pressure in the vicinity of
the targeted storm’s center region. We refer to these storms as mature stage storms, and the

time when they reach their minimum sea level pressure is defined as time 0.
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* We select the last five grid points of the development stage of the mature stage storms. As
we use 6-hourly data, this corresponds to the tracks 24 hours before the time O dates. For
each mature stage storm, we compute the averaged Euclidean distance between the track of
the storm and the track of the targeted storm. We select the 20% mature stage storms with the
lowest Euclidean distance from the targeted storm. This corresponds to the 20% most similar
development stage tracks. We term these analogues. The decision to use 20% is a trade-off
between finding tracks that resemble those of the targeted storms and having a sufficiently large
sample size to draw meaningful statistical conclusions. We tested that altering the percentage
to 10%, 15%, or 25% does not significantly impact our findings. We also select the analogues
that undergo explosive cyclogenesis, that is, that have a NDR, greater than 1 (Eq. 1). We

term these explosive analogues.

3. Storm characteristics

In this section we contextualize the three storms and provide an overview of the associated

impacts and meteorological drivers.

a. Storm Alex

Storm Alex occurred in early October 2020 and produced a devastating flood in the Alps region
in 24 hours. Named by Météo-France on September 30, 2020, Alex caused record-breaking
precipitation and hurricane-force winds, resulting in at least 15 fatalities and over 2.5 billion euros
in economic losses (WMO 2020; European State of the Climate 2020; Météo France 2020; Aon
2020). The heavy precipitation associated with Alex in the Alps produced several record-breaking
events, as high as 630 mm in a day recorded in Sambughetto (European State of the Climate 2020).
The storm was also associated with hurricane-force winds, such as 186 km/h in Belle-ile - Le Talut
(Météo France 2020).

The storm developed as a secondary cyclogenesis, that is, as a frontal-wave instability along of
a synoptic front of a pre-existing storm. It deepen rapidly, enhanced by high upper level potential
vorticity values. The pressure dropped more than 30 hPa in the first 24 hPa, and the NDR,. was
about 1.6 B. It made landfall early 2 October when it reached its minimum sea level pressure on its

core (around 970 hPa). On its southern flank, the strong pressure gradient favoured high quantities
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of water vapour transport, and an atmospheric river was formed from the subtropical western North
Atlantic to the vicinity of the storm core (Davolio et al. 2022). Storm Alex remained over France
for a day, producing record-breaking heavy precipitation in the Mediterranean area in southern
France and Northern Italy (Météo France 2020). In an EEA study based on reanalysis data Ginesta
et al. (2022), the persistence of the storm, as well as the accumulated daily precipitation, increased

in the present climate when compared to the recent past climate.

b. Storm Eunice

Eunice was the second and strongest storm of a cluster of winter storms (Met Office 2022)
that lasted between the 16th — 20th of February 2022 and mainly affected western Europe. The
storm, also known as Storm Zeynep or Storm Nora in Germany and Denmark, respectively, caused
widespread damage, 17 fatalities, and insured losses estimated at 2.5-3.5 billion euros (NL Times
2022; Anadolu Agency 2022; Deutsche Welle 2022; BBC 2022; RTL Info 2022; The Irish Times
2022; RMS 2022).

Eunice formed from secondary cyclogenesis on February 17 in the North Atlantic. It deepened
and moved rapidly northeast into England, experiencing explosive cyclogenesis with a central
pressure drop of 30 hPa in 18 hours and an NDR of 1.6 B. On February 18 at around 6 am Eunice
made landfall in Ireland and then crossed the UK in 12 hours. It produced widely spread damaging
wind gusts in many coastal areas, especially in the south of the UK. A wind gust of 196 km/h was
recorded in The Needles, Isle of Wight, the strongest ever recorded in England. On February 18 at
around 6 pm the storm was located over the North Sea reaching a sea level pressure in its core below
970 hPa, the minimum of its lifetime. In the hours that followed, the storm swept across Western
Europe with force, hitting in particular Germany, the Netherlands, and Belgium. On the February
19 at 6 am, Eunice was already located over the Baltic Sea, where it particularly affected Poland.
It then continued moving eastwards, weakening and dissipating as it crossed inland Northeastern

Europe.

c. Storm Xynthia

In winter 2009/2010, the general atmospheric circulation over Europe was characterized by an

extreme and record-persistent negative phase of the North-Atlantic Oscillation (NAO) (Cattiaux
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et al. 2010). This led to a low position of the jet stream, several severe cold spells, cold weather
conditions and destructive storms. Xynthia was the strongest and most damaging extratropical storm
to hit Europe in winter 2009/2010. This extreme storm, which occurred in late February/early
March 2010, has raised interest in the scientific community due to its uncommon meteorological
characteristics (e.g. Liberato et al. 2013) and impacts (e.g. Chadenas et al. 2014; Vinet et al. 2012).
It followed an unusual SW-NE path, causing significant impacts in several western European
countries, including more than 60 fatalities and insured losses of 1.5-3 billion euros (Garcia-
Pereda (NWC SAF/AEMET) 2010; Kolen et al. 2013; Worlwide 2010). At least 53 of the deaths
occurred in France (Chauveau et al. 2011).

Xynthia began as a low-pressure system east of Bermuda on February 25, 2010, at around 30
degrees North in the subtropical Atlantic. Unlike most extratropical storms that intensify rapidly
when they cross the polar jet stream (Uccellini 1990), Xynthia’s intensification was primarily
driven by the advection of low-level warm, humid air and associated with high values of equivalent
potential temperature (6, ) (Fink et al. 2012). The storm underwent explosive cyclogenesis between
the 26th and the 27th while rapidly approaching to the Iberian Peninsula, with a maximum NDR
of 1.9 B. On the 27th at 18:00 UTC it was already located west of the Bay of Biscay, reaching
its minimum sea level pressure below 970 hPa. It then swept across western France, resulting
in a powerful storm surge that locally exceeded 1.5 m and that produced most of the damages in
France (Bertin et al. 2012). Xynthia continued its path northeastwards hitting specially Belgium,
the Netherlands, Germany and Denmark. The storm dissipated around the 4 March over eastern

Scandinavia.

4. Representation of explosive storms in CESM present-day climate

Figure 1 shows the number of mature stage storms every 10 years for ERAS (a) and CESM
present climate (b), as well as the counts for 100 years of those that are explosive (c,d). As noted by
Dolores-Tesillos et al. (2022), there is an underestimation of storm numbers in the model compared
to observations, particularly evident in the ocean. Furthermore, we observe an underestimation of
mature stage storms west of Newfoundland, especially the explosive ones. In the regions studied,
highlighted in red, we note a slight underestimation of both mature stage storms and explosive ones,

especially in the North Sea. However, the bias is considerably smaller in these regions compared
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to the ocean. Despite the relatively small proportion of storms assessed in this study compared to
the overall North Atlantic basin, these three regions are highly susceptible to widespread damage

when such storms make landfall.

5 20 35 50 65 80 95 110
Count mature stage cyclones / 10 years

d) CESM present

3 21 39 57 75 93 111 129 147
Count mature stage explosive cyclones / 100 years

Fic. 1. Count of mature stage cyclones within 300 km for each grid point every 10 years for (a) ERAS and (b)

CESM present. (c,d) Count of those that are explosive, every 100 years.

Figure 2a shows the NDR, of both ERAS and CESM, similar as Binder et al. (2023) did for
the Northern and Southern Hemispheres but focused on the North Atlantic. Figure 2b shows the
differences between CESM present and ERAS. Consistent with their findings, we also identify a
slight underestimation of the N DR, of the most explosive storms in the basin, of up to around -0.2
in the most extreme cases. However, there is strong agreement across almost all percentiles.

This comparative analysis, together with assessments by Dolores-Tesillos et al. (2022) and Binder
etal. (2023), gives confidence in the model’s capability to simulate explosive storms making landfall
on the western coast of Europe. Further exploration of the model’s ability to simulate analogues

of the storms will be conducted in the subsequent section.
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Fic. 2. a) Percentile curve of the Normalized central Deepening Rate (NDR_) of storms in the North Atlantic

for ERAS and CESM present. b) Differences in the ND R between CESM present and ERAS.

5. Trends in frequency and intensity

In this section, we first validate the CESM model performance in simulating analogue storms
of Alex, Eunice, and Xynthia, using ERAS reanalysis data. Then, we assess future trends of
frequency of occurrence and intensity, measured by the NDR, by comparing CESM present and

future climates.

a. Storm Alex

Figure 3 shows the tracks during the development stage of the analogues and explosive analogues
of Alex for each dataset. The legends also display the number of analogues and explosive analogues.
In the ERAS 70-year period, 63 analogues have been identified, that is, around 9 analogues every
10 years. In contrast, fewer analogues are detected in the CESM present climate, with a frequency
of almost 3 analogues every 10 years. This could be due to an underestimation of storm frequencies
over the ocean (Dolores-Tesillos et al. 2022). In the ERAS dataset, 10 of the 63 analogues are
explosive, corresponding to a relative frequency of around 16% of the analogues. Three of these
explosive analogues are known storms that made landfall in France (Table Al). The fraction of
analogues that are explosive in the CESM present period is slightly lower than that of ERAS (34
explosive analogues out of 299 analogues, that is, around 11%). The NDR,, used here as a measure
of the intensity, of the analogues and explosive analogues in CESM present is comparable to that
of ERAS5. We further measure the similarity of the analogues to the storm by computing the mean
Euclidean distance between the 24-hour development stage tracks of the analogues and storm Alex.

We term this analogues quality (Figs. 4a,c). The analogues quality distributions of CESM present
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show comparable values with ERAS, as no analogue was more than 500 km apart and most of them
differed by around 380 km. These distributions indicate the model’s ability to simulate storms with
development stage similar to Alex’s. Figures 4b,d show the number of analogues per season. Most
of the analogues occur in autumn season in both ERAS and CESM present. However, in ERAS the
second most preferred season is spring, while in CESM present is winter. Few analogues are also

detected in summer in both, ERAS and CESM present.

(a) ERA5 (b) /CESM Present (c) /CESM Future
/ —— Alex —— Alex —— Alex
65°N =7 osonr eson=
-— 63 analogues - -~ 299 [288,310] analogues ~ -~ 206 [196,217] analogues —
60°N +— 10 explosive J 60°N +— 34 explosive 60°N +— 30 explosive

55°N 55°N 55°N

50°N 50°N 50°N

45°N 45°N 45°N

40°N 40°N 40°N

35°N 35°N 35°N

30°W  20°W  10°W 0° 30°W  20°W  10°W 0° 30°W  20°W  10°W 0°
| Analogues Explosive analogues [ Analogues Explosive analogues Analogues Explosive analogues
NDR. | 0.51 1.17 NDR. | 0.54[0.51,0.57] 1.16[1.12,1.20] NDR¢ 0.62[0.58,0.66] 1.30[1.24,1.38]

Fic. 3. 24-hour track of the development stage of storm Alex (thick black line) and its analogues (thin grey
lines), for ERAS5 (a), CESM present (b), and CESM future (c). Explosive analogues’ tracks are highlighted in
red. The dashed-line circle indicates the 300-km area used to identify mature stage storms. The figure legend
shows the number of analogues and explosive analogues. The tables beneath the figures depict the Normalized
Deepening Rate values, calculated using equation 1, for both analogues and explosive analogues. 95 % confidence

intervals for CESM present and CESM future, determined using a bootstrap test, are denoted in brackets.

There is a statistically significant decrease in the number of analogues in the future climate with
respect to the present from 299 to 206 (Fig. 3). This decrease is mainly seen in autumn and
summer, but there is also a slight decrease in winter and spring (Fig. 4b). There is little change
in the number of explosive analogues (34 to 30) (Fig. 3), with a decrease in frequency mainly in
autumn (Fig. 4d). However, the relative frequency of explosive storms increases from present to
future periods from 11% to 15%. Additionally, there is an increase in ND R, of both analogues
and explosive analogues in the future climate with respect to the present, which is considered
statistically significant because the confidence intervals do not overlap. This suggests that the
analogues and explosive analogues in the future climate will be associated with more intense
deepening rates. Regarding the quality of the analogues, there is a statistically significant increase

in the future period with respect to the present (Fig. 4a). This indicates that analogues in future
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conditions resemble better Alex’s development stage than in the present climate. In summary,
anthropogenic radiative forcing is reducing the number of analogues of Alex, specially in autumn,

but increasing their similarity to the storm as well as the deepening rates.
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Fic. 4. (a,c) Mean Euclidean distances between the 24—hour track of the development stage of storm Alex
and its analogues and explosive analogues for ERAS (black dots), CESM present (blue probability distribution),
and CESM future (red probability distribution). Dashed lines in violin plots show the quartiles 25%, 50%, and
75%. A Kolmogorov-Smirnov test was used to determine the statistically significant difference between CESM
present and future distributions, with the resulting p-value indicated in the figure. (b,d) Number of analogues per
season: SON (September, October, November), DJF (December, January, February), JJA (June, July, August),
and MAM (March, April, May).

b. Storm Eunice

In ERAS we found 126 analogues, that is, around 18 every 10 years (Fig. 5). However, CESM
again underestimates the number of analogues, detecting 67 every 10 years in the present climate
(696). 23 out of 126 analogues are explosive in the ERAS dataset, of which 8 are documented storms
that had an impact in Europe (Table A1). This corresponds to a relative frequency of explosive
storms of 18.3%. The relative frequency of analogues that undergo explosive cyclogenesis in
the CESM present is half of that of ERAS (9.6%). In addition, the NDR, of the analogues and

explosive analogues is slightly lower in the model than in ERAS for both present analogues and
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explosive analogues. Regarding the quality of the analogues (Fig. 6a), the analogues detected
by the model have lower mean Euclidean distances than those detected by ERAS. This indicates
that the model is good at reproducing storms that resemble Eunice’s development stage. In the
ERAS dataset, most of the analogues are found in autumn, while winter and summer have a similar
frequency (Fig. 6b). In the CESM present, the number of analogues in winter is slightly higher
than than in autumn.

Despite no significant changes in the number of analogues in the CESM future climate with
respect to the present climate (Fig. 5b,c), there is a decrease in frequency in autumn, summer and
spring, and an increase in winter (Fig. 6b). In the case of explosive storms, there is a significant
increase in the number of explosive analogues (67 to 95), corresponding to an increase in the
relative frequency of explosive cyclogenesis in a future climate. This increase is mainly seen in
winter (Fig. 6d), and a decrease again in autumn. The N DR, of the analogues increases in a future
climate (Fig. 5b,c), but there are no significant changes in ND R, of the explosive analogues. In
the future climate, the analogues and explosive analogues quality is better than in the present, as
evidenced by the statistically significant differences in probability distributions (Fig. 6a,c). As also
seen in Figure 5, the spatial spread in the development stage tracks of the analogues is lower in the
future climate, which means that future analogues represent Eunice’s tracks better than those in
the present. In summary, there is a significant increase in the frequency of explosive cyclogenesis
in the future climate in winter. Additionally, the quality of analogues and explosive analogues
improves significantly in the future. These changes collectively suggest an increased likelihood of

Eunice-type storms in the future climate in winter.

(a) ERA5 (b) CESM Present (c) CESM Future
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Fic. 5. Same as figure 3 but for storm Eunice.

15




350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

800 (a) Analogues quality

(b) Analogues seasonalit

€ pvalue < le-4 400 g Y
kv 350 ® ERA5
- 600 | PRESENT
¢ 300
c = FUTURE
£ 400- %8 N 250
% 200 ‘
£ 200 150
g 100

ERA5 CESM CESM 0

Present Future DJF MAM JJA SON
800 (€} Explosive analogues quality 70 (d)Explosive analogues seasonality

E‘ pvalue < le-4 60 ® ERAS
< 600 % s PRESENT
S o® 50 === FUTURE
£400 oy 40
5 :."}. 30
g0 7 20
€ 0 10

ERA5 CESM CESM 0

Present Future DJF MAM JJA SON

Fic. 6. Same as figure 4 but for storm Eunice.

c. Storm Xynthia

About 5 analogues every 10 years are detected in ERAS and almost 1 every 10 years in the
CESM present dataset (Fig. 7). This suggests that the CESM model underestimates the number
of analogues that reach Galicia in their mature stage, linked to an underestimation of the storm
frequency in that region shown by Dolores-Tesillos et al. (2022). In terms of explosive occurrence,
3 out of 38 analogues underwent explosive cyclogenesis in ERAS period, that is, around 8% of
the analogues. One of these is Miguel, a storm that affected western Europe in 2019 (Table Al).
In the CESM present, the fraction of analogues that undergo explosive cyclogenesis is higher than
in ERAS (14 out of 101, that is, around 14%). In addition, the NDR, of the analogues of the
CESM present is higher than in ERAS. Despite the possible model biases, figures 8a,c show that
the analogues and explosive analogues quality of the CESM dataset is comparable to that of the
ERAS period. In ERAS the analogues occur more often in autumn, while in the CESM present
dataset it is in spring (Fig. 8b).

In terms of the relative change between present and future climates, there is a significant decrease
in the number of analogues in the future climate (101 to 68) (Fig. 7b,c). This decrease occur
specially in spring, but also in autumn and summer (Fig. 8b). The number of explosive storms
decreased slightly (from 14 to 11), with a decrease in spring and autumn but an increase in winter

(Fig. 8d). Hence, there is an increase in the relative frequency of explosive storms, from around
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14% to 16%.

The NDR of the explosive analogues increases significantly under future climate

conditions. However, due to the overlap in the confidence intervals, it is not possible to conclude

that this increase is statistically significant, likely due to the insufficient sample size. No statistically

significant changes are found in the analogues quality distributions between the two periods (Fig.

8a,c).
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Fic. 8. Same as figure 4 but for storm Xynthia.
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6. Meteorological hazards and Dynamics

In this section, we analyze trends in the fields of precipitation and wind speed at 10 m. To gain
deeper insights into the evolving patterns of explosive analogues, we also assess the atmospheric

dynamics contributing to these changes.

a. Storm Alex

Figures 9a,b,c show the sea—level pressure (SLP), precipitation rate (PR), and wind speed at 10
m (W) fields of storm Alex using ERAS data at its time O date. The minimum SLP is around 970
hPa, and the storm center is squeezed over the English channel. Regarding PR, precipitation is
primarily located along the storm’s frontal structure, as well as over the Southeastern France coast
and windward of the Alps. High wind speeds are predominantly observed in the southwestern
section of the storm. The CESM present composites of analogues and explosive analogues for
SLP, PR and W are shown in black contours in figures 9d—i as well as in figure A2 in the Appendix.
As expected, the pressure gradient in the explosive analogues composites is higher than that in
the analogues (higher and closer number of black contours in Fig. 9g.d, respectively), resulting
in lower SLP values in the storm core. In addition, explosive analogues are associated to higher
PR and W (black contours in Fig. O9h,i, respectively) than those of the analogues (Fig. 9e.f,
respectively). SLP composites of both CESM present analogues and explosive analogues (Fig.
9d,g) depict a cyclonic structure with the center over the English channel, consistent with Alex.
With respect to the PR pattern, this is predominantly located within the storm core and its southern
region (fig. 9¢,h). Due to the lack of precise alignment of storm fronts among the analogues, the
PR pattern does not display a clearly defined frontal area. High values of W are located over the
southern flank of the storm and over sea (Fig. 9f,i).

Shading in figures (Fig. 9d—f) show differences CESM future — minus — present of the analogues
composites for sea—level pressure (SLP), precipitation rate (PR), and wind speed at 10 m (W),
respectively. The analogues in the future period show positive anomalies of SLP northward of the
Azores anticyclone as well as in the eastern Mediterranean (Fig. 9d). This contributes to increase
the amplitude of the Rossby waves. In addition, there are SLP negative anomalies in the core of
the analogues. This means that the analogues in the future period are associated to lower core

pressures and to an increased pressure gradient. This, in turn, contributes to increase W in the
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future period (Fig. 9f). In addition, PR increases, specially to the east of the storm core, in the
future period (Fig. 9e). The SLP differences of the explosive analogues depict a similar structure
to that of the analogues (Fig. 9g), with deeper storms in the future period and positive anomalies
on the eastern Mediterranean and southern Scandinavia. Hence, there is an increase in the SLP
gradient which is also reflected by an increase in W, specially to the east of the explosive analogues
core (Fig. 91). Figure 9h depicts an increase of PR in the northern flank analogues’ core and a
decrease, albeit smaller, southward.

The PR and W patterns of extratropical storms such as Alex and its analogues are mostly
influenced by the position and intensity of weather fronts. To assess changes in the weather fronts,
we evaluate the equivalent potential temperature at 850 hPa pattern (6., figures 10a,b). We also
compute the gradient of the 6, field (V6,). The regions of the maximum V6, are shown by
white dashed lines in figures 10a,b, typically characterizing the presence of weather fronts. Figure
10c illustrates the future minus present differences in V., providing insights into the changes in
front positions. In the CESM future, 6, is overall higher than in the present, as a result of the
expected increase in global temperatures and water vapour content in a changing climate (shading
in Fig. 10a,b). Regarding the regions of maximum V6, (white dashed line in Fig. 10a,b), we
interpret that a cold front originates southwestern France and extends towards north of the Azores,
as it is typically characterized by cold temperatures behind the warm sector. The other regions of
maximum V6, are over English Channel extending towards central western Europe, and they would
be associated to the occluded and warm fronts, respectively. Regarding the future minus present
differences in V8,, we see a noticeable increase and a slight southward shift along the position of
the cold front (Fig. 10c). We also observe a northwestward shift in the warm front. These shifts
lead to a relocation of weather fronts of the explosive analogues in the future climate compared to
the present, potentially indicating a more rapid development of storms.

We also assess the upper-tropospheric jet stream distribution (figure 11) at the time O dates.
Figures 11a and b show that the jet stream is situated in the southern flank and slightly westward
of the low-level cyclone. Hence, the surface low is located at the left exit region of the jet streak.
This configuration is typical of storms at their maximum intensity. In the future period, there is
an extension and consequent intensification of the jet downstream and southward compared to the

present composites. This downstream intensification may be associated with stronger upper-level
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Fic. 9. (a) Sea level pressure (a), (b) precipitation rate, and (c) wind speed at 10 m for storm Alex at its time 0
using ERAS data. (d-i) Black contours: Composites of the CESM present analogues and explosive analogues
of storm Alex at their time 0 dates of (d,g) sea-level pressure, at 4 hPa intervals, (e,h) hourly mean precipitation
rate, from 10 mm/day and every 5 mm/day, and (f,i) hourly mean wind speed, from 10 m/s and every 2 m/s. Black
contours are the same than shading in figure A2. Coloured contours: CESM future minus present differences of

the composites of the analogues. Shading: CESM future minus present statistically significant differences.
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To further link changes in PR and W of explosive analogues with the dynamics and possible
drivers, we assess the changes in eady growth rate (EGR, equation 2), convective precipitation
(PRECC), and large-scale precipitation (PRECL). We observe a slight increase in EGR 24 hours
prior to the mature stage of the storms, indicating an enhanced baroclinicity in future explosive
analogues compared to the present (Fig. 12a). This could be linked to an increase in the NDR
(Fig. 3b,c) and in the intensity of storms in terms of wind speed (Fig. 9i). Furthermore, during
the mature stage of the storms, we observe an overall increase in both PRECC and PRECL (Fig.
12b,c). Notably, PRECL contributes the most to the spatial changes observed in total precipitation
(Fig. 9h). These changes in the PRECL pattern might be linked with the cyclonic shift of the
weather fronts seen in figure 10c and changes in the stratiform precipitation produced by the warm

conveyor belt.

6.850hPa CESM present

68.850hPa CESM future c) V6.850hPa CESM future-present
A ?
=T #

285 289 293 297 301 305 309 313 285 289 293 297 301 305 309 313 -2 -1 0
K K Kr®

Fic. 10. (a,b) Shading: equivalent potential temperature at 850hPa for CESM (a) present and (b) future
explosive analogues of Alex at their time 0 dates. White dashed lines: values exceeding the 80th percentile of
the equivalent potential temperature gradient at 850 hPa. Black contours: composites of SLP at 4 hPa intervals
(same as the shading in figure A2). (c) CESM future minus present differences in the composites of the horizontal

gradient of equivalent potential temperature at 850 hPa.

b. Storm Eunice

Storm Eunice was situated over the North Sea during its mature stage (Fig. 13a). At that time,
precipitation was relatively modest along a frontal line (Fig. 13b), while wind speeds were notably

high, especially over the sea on the southern flank of the storm (Fig. 13c). The composites of
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contours: CESM present composite of the distribution of the jet events.

(a)

EGR -24h CESM future-present

(b)

PRECC CESM future-present (c)

PRECL CESM future-present

>

=

-18 -12 -6

0 6
mm/day

Fic. 12. Shading: CESM future minus present differences in the composites of explosive analogues of

(a) Eady growth rate 24 hours before the time 0 dates (EGR), (b) convective precipitation (PRECC), and (c)

large-scale precipitation (PRECL), respectively. Black contours: composites of CESM present of EGR, PRECC

and PRECL at intervals of 0.1 4! starting at 1 4~', 2 mm/day starting at 5 mm/day, and 5 mm/day starting at

10 mm/day, respectively (same as shadings in Figures A3).

analogues and explosive analogues exhibit similar patterns of SLP, represented by black contours

in figure 13d,g, respectively, and shading in figure A4a, d. In addition, the positions of highest PR

and W in both analogues and explosive analogues (A4e,f and A4h,i) coincide with those of storm
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Eunice. Explosive analogues show, as expected, lower pressure at their core, and higher PR and
W than the analogues.

The SLP pattern of the future analogues depicts lower pressures in the cyclonic structure and
higher pressures in the anticyclonic with respect to the present analogues (Fig. 13d). This is linked
to deeper analogues as well as an increase in the SLP gradient in their southern flank. The PR
pattern depicts thus an increase in downstream of the analogues center and extended in western
Europe (Fig. 13e). In terms of W, there is also an increase in the southern part of the analogues,
that is, over the UK, the North Sea, and the Baltic Sea (Fig. 13f), which corresponds to the warm
sector. The differences in the patterns of explosive analogues depict a similar pattern than the

analogues: lower SLP, increase in PR, and stronger W specially over the sea (Fig. 13g,h,1).
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F1c. 13. Same as figure 9 but for analogues of Eunice.
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Regarding the changes in V@,, figure 14c depicts an increase along a line starting in Germany
and crossing central France and Bay of Biscay. This region corresponds to the southern flank of the
cold front in the present climate, depicted in figure 14a in dashed white lines. Hence, the increase
in V@, can be interpreted as an intensification and a slight cyclonic shift of the cold front. This, in
turn, might be linked to the increase in W in the cold sector seen in figure 13i and increase in PR
over the cold front area (fig. 13h). On the contrary, a dipole pattern of V8, over south Scandinavia
suggests a deceleration of the warm front, shown in figure 14a as the tail of the comma-shape white

dashed region.

6.850hPa CESM present b) 6.850hPa CESM future c) VB8.850hPa CESM future-present
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K K

FiG. 14. Same as figure 10 but for storm Eunice

Figures 15a,b show that the jet stream is located southward and westward relative to the surface
low. In the future period, the jet intensifies and extends further south. This suggests a localized
increase in baroclinicity. Additionally, there is a slight increase in the northward flank exit region
of the jet, which may be associated with an increase in upper-level divergence and ascent vertical
motion.

Figure 16a shows a significant increase in the EGR 24 hours before the time O dates of the
explosive analogues in a future period. This suggests that the changes in intensity and patterns of
the explosive analogues are largely baroclinically-driven. Little changes are seen in PRECC and
(Fig. 16b), with an increase in the cold sector of the storm. Regarding the PRECL pattern, figure
16¢ shows an increase over Bay of Biscay, probably linked to the increase in intensity of the cold

front, as well as an increase over Denmark, where the warm front is located.
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FiG. 16. Same as figure 12 but for storm Eunice

s C. Storm Xynthia

o The mature stage of storm Xynthia was situated over the Bay of Biscay (Fig. 17a). PR was
s primarily concentrated on the western flank of the storm (Fig. 17b), where the highest W was also
s Observed (Fig. 17c¢). In this context, both analogues and explosive analogues successfully capture
s« the mature stage’s position (Fig. 17d,g). Regarding the patterns of PR and W (Fig. 17e,h and Fig.
s 17f,1), both are slightly shifted southwards, probably due to a misalignment between the storm
s fronts. Similar to storms Alex and Eunice, explosive analogues demonstrate lower SLP and higher
v PR and W.

ss  Figure 17d depicts lower pressures in the north part of the core of the analogues. In addition,
o there are positive anomalies of SLP in both western and eastern of the cyclonic structure, which
s results in an increase in the waviness of the pressure pattern. In the case of PR and W, both show an

sn increase in the analogues core and northeastern of the Iberian Peninsula (Fig. 17e,f). Figure 17¢g
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shows that explosive analogues depict significant lower pressures in the future period, specially in
their northern flank. This is linked with a significant increase in W (Fig. 171). Similarly to Alex
(Fig. 9h), PR depicts a significant increase in the northern flank of the explosive analogues’ core,
a slight decrease in the region of maximum PR in the present period, and a slight increase in their
southern flank.

Figures 18a,b show a different spatial pattern of 8, at 850hPa of present and future explosive
analogues of Xynthia. In the present period, the warm sector of the storm does not overlap with
the storm center. In contrast, in the future period the 8, at 850hPa pattern has a T-bone structure,
typical of the Shapiro—Keyser storms (Shapiro and Keyser 1990), and that could indicate a warm
seclusion sector of the storms. In terms of changes in the gradient of ,, there is an overall increase
of the gradient in the regions of the maximum gradient depicted by white dashed lines in 18a,b,
which are the regions associated to the weather fronts. This is related to an increase in intensity of
the weather fronts. A dipole with negative anomalies over the Bay of Biscay and positive anomalies
northwestward suggest a cyclonic shift of the warm front position, even though the overall change

is an increase in magnitude.
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FiG. 17. Same as figure 9 but for analogues of Xynthia.
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Fic. 18. Same as figure 10 but for storm Xynthia

=z Similar to storm Alex, Xynthia-like storms depict an extension downstream and southward of
s the jet stream in the future period. As previously discussed, this could lead to an increase in the
s vertical motion from the ageostrophic component of the wind and could be linked to the increase
so 1N precipitation and intensity of the storms. In addition, this position of the jet stream depicts a
s more advanced stage of the cyclone, and could be linked to the cyclonic relocation of the weather

sz fronts.
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F1G. 19. Same as figure 11 but for storm Xynthia

s Figure 20a depicts no change of the EGR in the region of its maximum, which means there are
s« NO changes in low-level baroclinicity 24 hours before the mature stage. Thus, changes assessed

s previously might be largely diabatically-driven. Regarding PRECC and PRECL (Fig. 20b,c)
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spatial patterns, there is an overall increase in both types of precipitation. However, both show a
tripolar pattern: a decrease in the core of the maximum precipitaiton area, and an increase in the
southern and northern flanks. In the case of PRECL, this is linked to the cyclonic shift of the warm
front and an intensification of both warm and cold fronts.
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FiG. 20. Same as figure 12 but for storm Xynthia

7. Discussion and conclusions

We have conducted an analysis of three storms (Alex, Eunice, and Xynthia) under anthropogenic
radiative forcing, using the CESM-Large Ensemble. We identified storms with a similar devel-
opment stage to the three storms, and termed them analogues, in the present period (1991-2001)
and in the future RCP8.5 period (2091-2100). We further selected those undergoing explosive
cyclogenesis (explosive analogues). We found that the frequency and intensity of the analogue
storms, as well as their associated meteorological hazards, will change in a future climate.

For storm Alex, a significant decrease in the number analogues has been observed, specially in
autumn. However, there is an increase in the relative frequency of explosive analogues as well as
in the normalized deepening rates. Furthermore, both analogues and explosive analogues will be
associated with overall higher precipitation and stronger wind speeds. The large-scale precipitation
pattern of the explosive analogues and the weather front disposition suggest a cyclonic shift of the
mature stage of the storms. There is a small increase in the baroclinicity in the future explosive
analogues, which makes changes in their characteristics both baroclinically and diabatically driven.

These factors suggest that explosive Alex-like storms will not be less frequent in a future climate.
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When they occur, they will deepen more rapidly and be associated with higher precipitation and
wind speeds, indicating that storms like Alex could be a greater meteorological hazard in the future.

For storm Eunice, rather than a change in the number of analogues, there is a seasonal shift
towards more analogues in winter and fewer elsewhere. However, we found a significant increase
in the number of analogues that undergo explosive cyclogenesis. The quality of both analogues
and explosive analogues also increases in a future climate. Additionally, there will be an increase
in precipitation rate and wind speed of the analogues and explosive analogues. These changes in
the characteristics of explosive analogues are, at least partially, baroclinically-driven. Therefore,
explosive Eunice-like storms will not only be more frequent but also more severe in a warmer
climate.

We found it difficult to identify good analogues of storm Xynthia in both reanalysis and climate
models. Hence, we can claim that storm Xynthia was an unusual event, and that a caveat of this
study is the quality of its analogues. We observed a decrease in the number of analogues, specially
in spring, but a slight increase in the relative frequency of explosive cyclogenesis. Xynthia-like
storms are expected to have higher precipitation rates and wind speeds in a future climate. The
explosive analogues depict an overall significant increase in precipitation and wind speed, with a
cyclonic shift in their mature stage. Changes in the patterns of explosive analogues are likely to be
largely diabatically-driven, as there is no change in low-level baroclinicity previous to the mature
stage of the storms. Therefore, Xynthia-like storms are becoming less probable but more severe,
especially those that are explosive, in a warmer climate.

Trends in the number of analogues, including explosive ones, depend on the specific storm
under consideration. Eunice-like explosive storms are expected to be more frequent, in line with
previous studies that project a slight increase in explosive frequency close to the British Isles and
on the North Sea (Seiler and Zwiers 2016; Zappa et al. 2013). The relative frequency of explosive
storms like Alex and Xynthia is also expected to increase with respect to the non explosive storms.
The increase in precipitation associated with storms in a future climate is consistent with other
studies (Hawcroft et al. 2018; Zhang and Colle 2017; Michaelis et al. 2017). For the explosive
analogues of Alex and Xynthia, we found a similar precipitation changes to Sinclair et al. (2020).
Sinclair et al. (2020) found, using aquaplanet simulations, a poleward displacement of the region of

maximum precipitation, mainly due to changes in the large-scale precipitation pattern, in a future
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climate. There is less confidence in future projections regarding the dynamical intensity, such as
wind speed, associated to the storms (Seneviratne et al. 2021; Catto et al. 2019). However, our
study reveals that, across all the storms analysed, surface winds are expected to increase, specially
for the explosive analogues. For Eunice, the increase is located over the warm sector of the stormes,
as consistent with previous studies (Priestley and Catto 2022; Dolores-Tesillos et al. 2022). The
drivers behind the changes in the pattern of the storms, whether they are baroclinically-driven or
diabatically-driven, vary depending on the storm. However, as found by Dolores-Tesillos et al.
(2022), Binder et al. (2023), and Joos et al. (2023), diabatic effects play a key role in increasing
the wind speed, the deepening rates, and the intensity of the strongest storms. For the case of
Xynthia, Ludwig et al. (2014) found that the storm intensification was mainly led by anomalously
high sea surface temperatures and diabatic processes, and also suggested that Xynthia-like storms
could be more frequent in a warmer climate. We note that we found no changes in low-level
baroclinicity for Xynthia-like storms during the development stage. Hence, we suggest that diabatic
processes contribute to the increase in wind and precipitation for Xynthia-like explosive storms
in a future climate, as well as a relative increase of the explosive frequency, consistent with the
prediction by Ludwig et al. (2014). In addition Sinclair et al. (2020), found, using an aquaplanet
model, that storms in a warmer climate are more diabatically-driven. To better understand the
potential influence of diabatic effects on storm intensification, a comprehensive study on the role
of warm conveyor belts in storm intensification (Binder et al. 2023) could be conducted. Our study
thus identifies both similarities and differences when compared to previous research on various
behaviors of extratropical and explosive storms in the North Atlantic under climate change. These
findings not only emphasize the differences in regional trends but also suggest that storms may
exhibit distinct behaviors compared to the overall changes, potentially yielding different responses
to anthropogenic radiative forcing.

Our approach has limitations that should be acknowledged. First, our analysis is based on a
single model, the CESM model version 1, which was chosen for its availability as a large ensemble
dataset of more than 100 members with 6-hourly data. While CESM has been shown to simulate
the characteristics of storms fairly well (Dolores-Tesillos et al. 2022; Joos et al. 2023; Binder et al.
2023) and to have a spread due to internal variability comparable to the CMIPS multi-model spread

(Kay et al. 2015), a multi-model study would better assess model uncertainty. Second, we use a
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single scenario, the worst-case scenario (RCP8.5), due to its availability. This scenario represents
an extreme case assuming high greenhouse gas emissions throughout the 21st century. Although
this extreme scenario proves valuable in detecting the anthropogenic radiative forcing signal, it
may not encompass the entire range of future climate projections. Therefore, our findings may not
be generalized to other scenarios. Future studies should explore the robustness of our results using
multiple models and scenarios. Finally, we use a single tracking scheme. However, we filter out
the weakest storms, and so the dependence on the tracking scheme is considered minor (Neu et al.
2013).

The analogues are considered recurrences in the atmospheric patterns of to the storms, and so
our results can also be applied to the explosive analogues found in the ERAS dataset, some of them
being known high-impact storms in the region (Table Al). In conclusion, we found that all of
the storms analyzed in this study are expected to become more severe and impactful with climate
change. As suggested by Shepherd (2016), demonstrating that certain extreme events can occur
again and result in even worse consequences with climate change, as shown in this study, can help
advocate for investment in protective measures against hypothetical risks. Hence, these storms can

serve as reference points for building resilience and preparing for future events.
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APPENDIX

Fic. Al. 6-hourly tracks of storms Alex (a), Eunice (b), and Xynthia (c). (0) depicts the minimum sea level
pressure point, and (1) the position of the storm 24 hours before (0). The brown line indicates when the storm

underwent explosive cyclogenesis.
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Alex

Storm Angus

20 November
2016

United
France

Kingdom,

Also known as storm Nanette in France. The event left 2
fatalities and wind gusts up to 170 km/h (Sky News 2016;
Met Office 2016; The telegraph 2016).

Storm Norberto

5 March 2020

France, Spain

Wind gusts around 100 km/h and up to 140 km/h were
recorded (The European Forecaster 2021; AEMET 2021)

Storm Katie

28 March 2016

France, United King-
dom

The highest windgust recorded was 170 km/h in Isle of
Wight (The European Forecaster 2021; AEMET 2021)

Eunice

”Adolph  Bermpohl”
storm

23 February 1967

North Sea

The Adolph Bermpohl was a sea rescue cruiser on which
its crew died due to the severity of the storm in the North
Sea. Other boats also sank in the same storm (The Wreck
Site 2017).

October storm

17 October 1967

Norway, Sweden

Hurricane-force winds of up to 144 km/h were recorded in
some parts of southern Sweden (SMHI and Institute 2021).

Storm Capella 3 January 1976 Ireland, United | Also known as Ruisbroek flood in Belgium. The storm
Kingdom, Belgium, | resulted in severe wind damage across western and central
France, Denmark, | Europeand coastal flooding. One of the strongest windgusts
Germany, Nether- | recorded during the event was 215 km/h at Lowther Hills
lands (Met Office 1976). It left at least 82 fatalities (Berz 1988).
Burns’ Day storm 25 January 1990 Ireland, United | Also known as Storm Daria. Hurricane-force wind gust
Kingdom, France, | were recorded, such as 167 km/h at Abertporth (McCallum
Belgium, Nether- | 1990) and 176 km/h at Pointe du Raz (Météo France 2019).
lands, Germany, | The storm left at least 95 fatalities across Europe, being one
Denmark of the deathliest storms in Europe (Météo France 2019).
Storm Oratia 30 October 2000 France, Germany, | Storm Oratia (Tora in Norway) (Extreme Wind Storms Cat-
Netherlands and | alogue n.d.) was probably the worst storm to hit United
United Kingdom Kindgom after the Great Storm of 1987 (NASA Earth Ob-
servatory 2017). The storm brought heavy rainfall and
strong winds to many areas of southern Britain, with wind
gusts up to 150 km/h.
Storm Ulli 3 January 2012 United Kingdom, | Storm Emil in Norway (The Nordic Page Norway n.d.). The
Ireland, Netherlands, | damages were estimated at 0.2 billion USD (Koks and Haer
Scandinavia 2020; Roberts et al. 2014b)

Storm Bronagh

21 September
2018

United Kingdom

Wind gusts up to 125 km/h recorded in the Isle of Wight
(Met Office 2018).

Storm Christoph

21 January 2021

United Kingdom

The event was characterized by heavy precipitation above
100 mm. This was one of the wettest 3—day periods on
record in the western and northwestern part of England and
Wales (Met Office 2021).

Xynthia

Storm Miguel

6 June 2019

Spain, France, Bel-
gium, Luxemburg,
Netherlands

The storm brought high winds and heavy precipitation to
western Europe, with wind gusts up to 150 km/h (AEMET
2020; EUMETSAT 2019). It caused at least three deaths.

TaBLE Al. Explosive analogues of each storm detected with ERAS, which are also known storms that had an
impact across Europe. The first column corresponds to the storm name, the second column shows the date of

minimum sea level pressure, the third column lists the regions affected, and the fourth column provides notes on

some meaningful aspects.
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(a) SLP analogues CESM present (b) PR analogues CESM present (c) W analogues CESM present

980 996 1012 1028 1044 10 15 20 25 30 35 40 45 50 55 10 12 14 16 18 20 22 24
hPa mm/day m/s
(d)  SLP explosive CESM present (e) PR explosive CESM present (f) W explosive CESM present
- h 4

o

980 996 1012 1028 1044 10 15 20 25 30 35 40 45 50 55 10 12 14 16 18 20 22 24
hPa mm/day m/s

648 Fic. A2. Composites of the CESM present analogues and explosive analogues of Alex at their time 0 dates

ss  Of (a,d) sea-level pressure, (b,e) hourly mean precipitation rate, and (c,f) hourly mean wind speed.

(a) EGR -24h explosive CESM present (b) PRECC CESM present (c) PRECL CESM present

dt mm/day mm/day

650 Fic. A3. Composites of the CESM present explosive analogues of Alex at their time 0 dates of (a) eady

et growth rate, (b) hourly mean convective precipitation, and (c) hourly mean large-scale precipitation rate.
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(a) SLP analogues CESM present (b) PR analogues CESM present (c) W analogues CESM present

=]
980 996 1012 1028 1044 10 15 20 25 30 35 40 45 50 55 10 12 14 16 18 20 22 24
hPa mm/day m/s
(d) SLP explosive CESM present (e) PR explosive CESM present (f) W explosive CESM present
=]
980 996 1012 1028 1044 10 15 20 25 30 35 40 45 50 55 10 12 14 16 18 20 22 24
hPa mm/day m/s

Fic. A4. Same as figure A2 but for analogues of Eunice.

(a) EGR -24h explosive CESM present (b) PRECC CESM present (c)
P P
5 7 9 11 13 15 17 19 10 15 20 25 30 35 40 45
mm/day mmy/day

Fic. AS5. Same as figure A3 but for explosive analogues of Eunice
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(a) SLP analogues CESM present (b)

PR analogues CESM present (c) W analogues CESM present

980 996 1012 1028 1044 10 15 20 25 30 35 40 45 50 55 10 12 14 16 18 20 22

24
hPa mm/day

m/s

(d) SLP explosive CESM present (e) PR explosive CESM present (f) W explosive CESM present

980 996 1012 1028 1044 10 15 20 25 30 35 40 45 50 55 10 12 14 16 18 20 22

24
hPa mm/day

m/s

Fic. A6. Same as figure A2 but for analogues of Xynthia.

(a) EGR -24h explosive CESM present (b) PRECC CESM present (c)

PRECL CESM present
[

1.0 1.1

10 15 20 25 30 35 40 45
mm/day

Fic. A7. Same as figure A3 but for explosive analogues of Xynthia
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Appendix C

Manuscript in preparation
"Future projections of the
concurrences of atmospheric
rivers and explosive cyclones in
the North Atlantic"

In this chapter, I provide a brief overview of the scientific background, data, and methods
that support figures 4.10 and 4.11, forming the basis of the manuscript in preparation
that I am co-leading with Ferran Lopez Marti, PhD student from Uppsala University.

C.1 Scientific background

Atmospheric rivers (ARs) are long and narrow atmospheric corridors that transport
high levels of water vapour in the lower troposphere. When they make landfall, they
can cause severe impacts such as flooding or intense rainfall. Extratropical cyclones
(ETCs), when coupled with atmospheric rivers, play a role in driving extreme weather
events in the mid-latitudes.

Guo et al., 2020 showed, through composite analysis, that ARs tend to be situated
in the warm sector of cyclones, with an anticyclone downstream and equatorward of
the cyclone strengthening the pressure gradient, potentially intensifying the AR (Eiras-
Barca et al., 2018). Eiras-Barca et al., 2018 suggested that ARs may play a crucial
role in the explosive deepening of cyclones; in the North Atlantic, approximately 75%
of explosive cyclones are associated with an AR, compared to only around 40% of non-
explosive cyclones. Zhang et al., 2019 showed that about 80% of ARs are linked to ETCs
in the western North Pacific, while approximately 45% of ETCs are associated with
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ARs. They further observed that ETCs associated with strong ARs exhibit significantly
greater intensification. Additionally, Zhang and Ralph, 2021 identified the significant

role of water vapor inflow from ARs in intensifying rapid cyclogenesis in the North
Pacific.

Numerous studies have investigated the impact of anthropogenic radiative forcing
on ETCs and ARs individually. The thermodynamic response of ARs to climate change
is characterized by an increase in Integrated Water Vapor Transport (IVT). This in-
crease is driven by the Clausius-Clapeyron relation, which implies a rise in moisture
content in a warmer atmosphere. Moreover, the vertically integrated water vapor con-
tent undergoes further amplification compared to surface water vapor (Payne et al.,
2020). This thermodynamic signal would act to increase the number of ARs detected
in a warmer climate. Similarly, the thermodynamic response acts to increase the pre-
cipitation within ETCs (Yettella and Kay, 2017). The dynamics response to climate
change, such as changes in the atmospheric circulation patterns, is less certain (Shep-
herd, 2014). Several studies point out to an increase in both frequency and or intensity
in central northern western Europe of both AR and ETCs (Espinoza et al., 2018; Gao
et al., 2016; Lavers et al., 2013; Priestley and Catto, 2022; Ramos et al., 2016; Seiler
and Zwiers, 2016).

Acknowledging the potential hazards posed by explosive cyclones and atmospheric
rivers in the North Atlantic, particularly along the western coast of Europe, highlights
the significance of evaluating their projected trends in a future climate. Uncertainties
persist regarding the evolving relationship between these two phenomena in a warmer
climate. The objective of this study is to assess future trend projections of the interplay
between explosive cyclones and atmospheric rivers using state-of-the-art CMIP6 data.

C.2 Data and methods

We use ERAD5 reanalysis data Hersbach et al., 2020 with a horizontal resolution of 0.25°
x 0.25° as our current climate observational reference and for validating the General
Circulation Models (GMCs).

In addition, we use six GCMs from the CMIP6 dataset (MPI-ESM1-2-LR, MPI-
ESM1-2-HR, NorESM2-MM, EC-Earth3, CMCC-ESM2, MIROC6) Eyring et al., 2016
for two periods: the current climate (1980-2009) using historical simulation, and the
future climate at the end of the XXI century (2070-2099), with three simulations fol-
lowing the SSP1-2.6; SSP2-4.5; and SSP5-8.5 forcing scenarios. The selection of GCMs
is constrained by the availability of 6-hourly instantaneous variables in vertical model
levels required for AR analysis.

All datasets consist of 6-hourly data during the extended-winter period (November
to March) over the North Atlantic region [22.5N — 70N, 80W — 50E]. ARs detection and
tracking is based on the vertical integral of northward and eastward water vapor flux,
that is, the integrated water vapor transport (IVT), and cyclone detection and tracking
is based on sea level pressure (SLP).
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C.2. Data and methods

C.2.1 Extratropical cyclone tracking

We use the TempestExtremes algorithm developed by Ullrich et al., 2021. To detect
ETCs, we use the executable DetectNodes, which recognizes candidate "nodes" corre-
sponding to local minima in the SLP field. Candidate points within a 6° great circle dis-
tance (GCD) are merged. Subsequently, we use StitchNodes to connect these candidate
nodes into tracks. The criteria for tracking include: the distance between consecutive
detections should not exceed 6 GCD, the tracks must persist for a minimum of 24 hours,
the maximum duration between two detections is set at 6 hours, and the cyclones must
have moved at least 12 GDP to filter out stationary lows, such as the Icelandic Low.

Extratropical cyclones are classified as explosive cyclones if their Normalized Deep-

ening Rate (NDR) (Sanders and Gyakum, 1980) is equal to or higher than 1: NDR, =
DRyyy, sin(60°)

24h  sin(p)
storm center and ¢ is the latitude at its second time step.

where DRoyy is the pressure difference over 24 hours measured at the

C.2.2 Atmospheric river tracking

We detect and track ARs based on the IVT using the TempestExtremes algorithm. The
IVT is defined pointwise as:

1 300hPa 300hPa
VT = =/ / qUdp)? + ( / Vdp)?
p

g 0 Do

where q is the specific humidity, V is the wind vector and g is the gravitation accel-
eration. We separately compute the eastward I'VTg and northward I'VTx integrated
vapor transport, using the zonal and meridional winds respectively. For the detection
of ARs we use the executable DetectBlobs. We find potential candidates by detecting
ridges in the IVT field. Ridges are defined as points where the Laplacian of the IVT is
below —4 x 10*kgm~2s~'rad ™2, as this operator identifies elongated areas and regions
of local maxima. In addition, the IVT should be higher than 250kgm~'s~!. Each can-
didate should have an area larger than 4 x 10°%km 2. To connect candidates or "blobs'
we use StitchBlobs. The detected candidates are concatenated if at least one grid point
is detected as AR in sequential timesteps. In addition, they should last 60 hours.

C.2.3 Concurrences

For each extratropical cyclone and the subset of explosive cyclones, we compute the
Maximum Deepening Rate (MDP), which is the difference in sea level pressure between
two consecutive 6-hourly timesteps, following (Eiras-Barca et al., 2018). This metric
allows us to evaluate the influence of atmospheric rivers on the development of the
cyclone. We then assess the presence of an atmospheric river before and after this point
of MDP. Subsequently, we determine whether a specific timestep of an extratropical
cyclone, as well as for the subset of explosive cyclones, is linked to an atmospheric river
by detecting the presence of an atmospheric river within a 1500 km distance.
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Coauthored articles

I coauthored the following articles, which are attached below:

o Faranda, D., S. Bourdin, M. Ginesta, M. Krouma, R. Noyelle, et al. (2022). “A
climate-change attribution retrospective of some impactful weather extremes of
20217, In: Weather and Climate Dynamics: 1 analyzed and wrote the section 4.1
on Winter Storm Filomena.

o Faranda, D., M. Ginesta, T. Alberti, E. Coppola, and M. Anzidei (2023). “At-
tributing Venice Acqua Alta events to a changing climate and evaluating the ef-
ficacy of MoSE adaptation strategy”. In: npj climate and atmospheric science: 1
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perform the analysis on the analogues (figure 2).

o Rapella, L., Faranda, D., and Gaetani, M., and Drobinski, P., and Ginesta, M.
(2023) "Climate change on extreme winds already affects off-shore wind power
availability in Europe'. In: Environmental Research Letters. 1 helped with the
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manuscript.
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Abstract. The IPCC ARG report outlines a general consen-
sus that anthropogenic climate change is modifying the fre-
quency and intensity of extreme events such as cold spells,
heat waves, storms or floods. A pertinent question is then
whether climate change may have affected the characteris-
tics of a specific extreme event or whether such event would
have even been possible in the absence of climate change.
Here, we address this question by performing an attribution
of some major extreme events that occurred in 2021 over
Europe and North America: the Winter Storm Filomena, the
French spring cold spell, the Westphalia floods, the Mediter-
ranean summer heat wave, Hurricane Ida, the Po Valley tor-
nado outbreak, Medicane Apollo and the late-autumn Scan-
dinavian cold spell. We focus on the role of the atmospheric
circulation associated with the events and its typicality in
present (factual world) and past climate conditions (coun-
terfactual world) — defined using the ERAS dataset 1950 to
present. We first identify the most similar sea-level pressure
patterns to the extreme events of interest in the factual and
counterfactual worlds — so-called analogues. We then com-
pute significant shifts in the spatial characteristics, persis-
tence, predictability, seasonality and other characteristics of
these analogues. We also diagnose whether in the present cli-
mate the analogues of the studied events lead to warmer/-
cooler or dryer/wetter conditions than in the past. Finally

we verify whether the El Nifio-Southern Oscillation and the
Atlantic Multidecadal Oscillation may explain interdecadal
changes in the analogues’ characteristics. We find that most
of the extreme events we investigate are significantly modi-
fied in the present climate with respect to the past, because
of changes in the location, persistence and/or seasonality of
cyclonic/anticyclonic patterns in the sea-level pressure ana-
logues. One of the events, Medicane Apollo, appears to be a
black swan of the atmospheric circulation, with poor-quality
analogues. Our approach, complementary to the statistical
extreme-event attribution methods in the literature, points to
the potentially important role of the atmospheric circulation
in attribution studies.

1 Introduction

One of the main novelties of the latest IPCC ARG report
(IPCC, 2021) with respect to previous IPCC documents is the
increased confidence that anthropogenic climate change is
critically affecting weather extremes. As stated by the IPCC
ARG,

a warmer climate will intensify very wet and very
dry weather and climate events and seasons, with
implications for flooding or drought (high confi-
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dence), but the location and frequency of these
events depend on projected changes in regional
atmospheric circulation, including monsoons and
mid-latitude storm tracks.

Similarly, the already very clear statements of the previous
reports on changes in temperature extremes are confirmed
and strengthened:

In all continental regions [...] and at the continen-
tal scale, it is very likely that the intensity and fre-
quency of hot extremes will increase and the inten-
sity and frequency of cold extremes will decrease.

Other studies underline that we are already observing pro-
longed periods of extremely warm conditions (Horton et al.,
2016) with increased droughts leading to forest fires (Flan-
nigan et al., 2000), species extinctions (Roméan-Palacios and
Wiens, 2020) and health issues for vulnerable populations
(Mitchell et al., 2016). Recent scientific literature points to
the need of understanding the role of dynamical drivers of
changes in weather extremes: in winter, increased persistence
of cyclonic and anticyclonic structures can lead to extremely
wet or dry periods (Berkovic and Raveh-Rubin, 2022) on
the eastern Mediterranean. Further changes in persistence of
synoptic structures are also expected under continued global
warming in the Northern Hemisphere summer (see, e.g., Ko-
rnhuber and Tamarin-Brodsky, 2021). Under global warm-
ing, Gordon et al. (2005), Bala et al. (2010) and Pendergrass
et al. (2017) suggest that, in the shoulder seasons, we ob-
serve a large variability of rains associated with both tropical
and extratropical storms and convective events, leading to an
alteration of the hydrological cycle.

While these assessments are meaningful when considering
(relatively) large ensembles of extreme events with similar
characteristics, it is also important to evaluate whether the
probability of occurrence or physical characteristics of sin-
gle extreme events have been influenced by anthropogenic
climate change. This knowledge builds awareness of the con-
sequences of greenhouse gas emissions in the general public
and allows stakeholders to evaluate specific impacts induced
by climate change. For these reasons, attributing a single ex-
treme event to climate change has given rise to a wealth of
studies — an entire field named attribution (Shepherd, 2016;
Knutson et al., 2017; Jézéquel et al., 2018b; Naveau et al.,
2020; van Oldenborgh et al., 2021).

Studies in extreme-event attribution are conventionally
grounded in extreme value theory (Trenberth et al., 2015),
which they use to estimate return times of threshold ex-
ceedances of particular observables (e.g., temperatures above
or below a target value for a certain number of consecutive
days for heat waves or cold spells). The main drawback of
such statistical attribution is that it does not take into account
the physical processes leading to the extreme events. Climate
change is likely associated with complex dynamical changes
in the atmosphere (e.g., Kennedy et al., 2016; Sharmila and
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Walsh, 2018; Stendel et al., 2021), yet the conventional ex-
treme value approach overlooks these entirely. This brought
Shepherd (2014) to argue that the atmospheric circulation is
a key element of the uncertainty in attribution studies and in
parallel stimulated attempts to incorporate knowledge of the
atmospheric circulation into an attribution framework (Shep-
herd, 2016; Yiou et al., 2017).

Here, we build upon this line of work by performing
an attribution of some notable extremes occurring during
the 2021 calendar year, based on large-scale atmospheric
drivers. In particular, we analyze (i) the Winter Storm Filom-
ena, which caused, in January, heavy snowfall and ex-
tremely cold conditions in Spain; (ii) the late winter cold
spell that occurred in April 2021 in France with large im-
pacts on vegetation and agriculture; (iii) the July floods in
Westphalia, Germany, responsible for the destruction of en-
tire villages, destruction of infrastructure and heavy loss of
lives; (iv) the record-breaking temperatures during the Au-
gust Mediterranean heat wave and the associated wildfires in
Greece and Italy; (v) the September Po Valley tornado out-
break; (vi) Hurricane Ida, which caused extensive damage in
Louisiana and New York city; (vii) Medicane (Mediterranean
hurricane) Apollo, which caused heavy flooding in Sicily in
October; and (viii) the November Scandinavian cold spell,
which led to record-low temperatures for the season.

In order to attribute these events to climate change, we
study the associated atmospheric circulation patterns and we
search for pattern recurrences — which we term analogues
— in the far (1950-1979) and recent past (1992-2021). Our
working hypothesis is that the far past acts as a counterfac-
tual world where the Earth’s climate was less heavily influ-
enced by anthropogenic forcing when compared to the recent
past (the factual world). Here, we assume that 30 years is a
long enough period to average out high-frequency interan-
nual variability of the atmospheric motions. However, it is
necessary to control for the effect of lower-frequency and
inter-decadal variability, such as that caused, for example,
by the Atlantic Multidecadal Oscillation or by low-frequency
modulations of the El Nifio—Southern Oscillation. If a direct
influence of such low-frequency variability is excluded, then
changes in analogues between the two periods we consider
are attributed to the climate-change signal. We present in
Sect. 2 the methodological aspects of this work, introducing
in Sect. 3 the relevant assessment metrics. Section 4 contains,
for each event, (i) a meteorological description of the event,
(ii) a summary of the known impacts of climate change on
that event class and (iii) our attribution analyses. Our conclu-
sions are presented in Sect. 5.
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2 A method for attributing extreme events to climate
change which takes into account changes in
atmospheric circulation

We study changes in weather patterns associated with ex-
treme events by leveraging the framework of weather ana-
logues (Yiou et al., 2003). We first identify the peak day of
each extreme event. We then perform a semi-objective de-
tection of the concurrent large-scale weather pattern using
daily average sea-level pressure (slp) from the ERAS reanal-
ysis database over 1950-2021 (Hersbach et al., 2020). The
choice of using slp is motivated by (i) the fact that in the
ERAS reanalysis, this quantity is closely constrained from
station observations; (ii) its capability to track and identify
extratropical cyclones (Walker et al., 2020); and (iii) the ab-
sence of long-term trends in its values but also in the dynam-
ical systems metrics computed on it (Faranda et al., 2019a;
see Sect. 3). The semi-objectivity lies in the exact choice of
geographical domain over which the pattern is identified. For
cyclones, the domain of the analysis can be easily identified
as the low-pressure area associated with the storm. For cold
spells and heat waves, we follow Stefanon et al. (2012), who
have shown that these events have a large-scale dynamical
footprint spanning the size of the European continent. For
all cases, we have tested that our method is qualitatively in-
sensitive to modest changes in the domain size. We split the
ERAS dataset into two periods: 1950-1979 and 1992-2021.
We take the first period to represent a counterfactual world
with a weaker anthropogenic influence on climate than the
second period, which represents our factual world affected
by anthropogenic climate change. To take into account the
possible influence of low-frequency modes of natural vari-
ability in explaining differences between the two periods, we
also consider the possible roles of the El Nifio—Southern Os-
cillation (ENSO) and the Atlantic Multidecadal Oscillation
(AMO).

For each period, we scan all the daily average slp geo-
graphical maps and select the best 33 analogues, namely the
maps minimizing the Euclidean distance with respect to the
map of the event itself. The number of 33 corresponds ap-
proximately to the smallest 3 %o of Euclidean distances in
each subset of our data. We have tested extracting between
25 and 50 analogue maps, without finding any qualitatively
large differences in our results. For the factual period, as is
common practice in attribution studies, the event itself is re-
moved. Furthermore, we forbid the analogue search in a win-
dow of a week centered around the date of the event. We
restrict the analogue search to the extended season during
which each event occurs (DJFM, MAMIJ, JJAS or SOND)
or to the seasons relevant for the occurrence of specific ex-
treme events such as hurricanes or tornadoes. This allows us
to identify possible seasonality shifts between the counter-
factual and factual periods yet prevents conflating the differ-
ent physical processes which may contribute to a given class
of extremes during the warm versus cold seasons. We then

https://doi.org/10.5194/wcd-3-1311-2022

1313

compute the average slp map for all analogues in each of the
two periods and take the difference between the two averages
(Aslp). To determine significant changes between the ana-
logue maps of the two periods, we adopt a bootstrap proce-
dure which consists of pooling the dates from the two periods
together, randomly extracting 33 dates from this pool 1000
times, creating the corresponding difference maps and mark-
ing as significant only grid point changes more than 2 stan-
dard deviations above or below the mean of the bootstrap
sample. We also plot the 2 m temperature (t2m) and daily pre-
cipitation rate fields (tp) on the dates of the closest slp ana-
logues, repeating the same bootstrap procedure to identify
significant changes. We additionally plot the distributions of
several evaluation metrics in the two periods (see Sect. 3). We
finally consider the seasonality of the analogues within the
relevant season and their association with ENSO and AMO.
We conduct the latter analysis using monthly indices com-
puted from the NOAA/ERSSTvS data and retrieved from
KNMTI’s climate explorer. In particular, the ENSO index is
the 3.4 version as defined by Huang et al. (2017), and the
AMO index is computed as described in Trenberth and Shea
(2006). When the ENSO 3.4 index is positive, it corresponds
to El Niflo, and when it is negative, it corresponds to La Nifia.
To assess the significance of changes in factual vs. coun-
terfactual distributions, we conduct in all cases a two-sided
Cramér—von Mises test at the 0.05 significance level. If the
p value is smaller than 0.05, the null hypothesis (H = 0) that
the two samples come from the same distribution can be re-
jected (Anderson, 1962). All relevant figure panels display
the p value (pval) and the result of the test H in the title.

3 Evaluation metrics

Following Faranda et al. (2020), we define some quantities
that support our interpretation of the analogue-based attribu-
tion. All of these may then be compared between the coun-
terfactual and factual periods.

— Analogue quality Q. Q is the average Euclidean dis-
tance of a given day from its closest 33 analogues
(Faranda et al., 2020). One can then compare Q for
the peak day of the extreme event to Q for each ana-
logue of the extreme event. If the value of Q for the
extreme event belongs to the same distribution as, or is
smaller than, the values of Q for the analogues, then the
extreme event has good analogues, and attribution can
be performed. If instead the Q for the extreme event
is larger than that of the analogue days, then this indi-
cates a highly unusual slp configuration, and the results
of the attribution analysis must be interpreted with care.
Differences between the counterfactual and factual pe-
riods in the value of Q for the peak day of the extreme
event indicate whether the atmosphere is visiting states
(analogues) that are more or less similar to the map as-
sociated with the extreme. Differences in the distribu-
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tion of Q for the 33 analogues indicate whether those
states are in turn becoming more or less typical of the
atmospheric variability. In order to test the homogene-
ity of the analogues in the two periods, we have com-
puted Q for all days in the factual and counterfactual
periods on a wide North Atlantic domain [80° W-50° E
and 22.5-70° N] and applied the two-sided Cramér—von
Mises test at the 0.05 significance level. The p value
found (0.1995) implies that the null hypothesis that the
two samples come from the same distribution cannot be
rejected, hence supporting our claim of homogeneity.

— Predictability index D. Using dynamical systems the-
ory (Freitas et al., 2011, 2016; Lucarini et al., 2016),
we can compute the local dimension D of each daily
slp map (Faranda et al., 2017, 2019b; see Appendix A).
The local dimension is a proxy for the number of de-
grees of freedom of the field, meaning that the higher D,
the more unpredictable the temporal evolution of the slp
maps will be (Faranda et al., 2017; Messori et al., 2017;
Hochman et al., 2019). If the dimension D of the peak
day of the extreme event is higher or lower than that
of its analogues, then the extreme will be respectively
less or more predictable than the closest dynamical sit-
uations identified in the data. We compute two values
of D for the event, one using the data in the counterfac-
tual period and one using the data in the factual period.
As for O, we also compute the distributions of D for
all the analogues in each period. This informs on how
predictable the extreme event is with respect to its ana-
logues.

— Persistence index ®. Another quantity derived from
the dynamical systems theory is the persistence ® of
a given configuration (Faranda et al., 2017; see Ap-
pendix A). The persistence estimates for how many days
we are likely to observe a map that is an analogue of the
one considered (Moloney et al., 2019). As for Q and
D, we compute the two values of the persistence for the
extreme event in the factual and counterfactual worlds
and the corresponding distributions of persistence for
the analogues.

— Seasonality of analogues. We can count the number of
analogues in each month to detect whether there has
been a shift of the circulation towards earlier or later
months of the season. This can have strong thermody-
namic implications, for example, if a circulation leading
to large positive temperature anomalies in early spring
becomes more common later in the season, when aver-
age temperatures are much higher.

— Association with ENSO and AMO. To account for the
effect of natural interdecadal variability, we analyze
the distributions of the ENSO and AMO indices cor-
responding to analogues of each event in the factual
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and counterfactual periods. If the null hypothesis that
the two distributions do not differ between the two pe-
riods is rejected, it is not possible to exclude that ther-
modynamic or dynamic differences in the analogues are
partly due to these modes of natural variability rather
than anthropogenic forcing. On the other hand, if it is
not possible to reject the null hypothesis of equal dis-
tributions, observed changes in analogues are attributed
to human activity. It is worth noting that such null hy-
pothesis of no influence of natural variability is coherent
with the view of Trenberth (2011), who argued that

Past attribution studies of climate change have
assumed a null hypothesis of no role of hu-
man activities [...] I argue that because global
warming is “unequivocal” and “very likely”
caused by human activities, the reverse should
now be the case. The task, then, could be to
prove there is no anthropogenic component to
a particular observed change in climate.

See also the discussion in Lloyd and Oreskes (2018) for
support of Trenberth’s position.

4 Results

Our list of 2021 extreme events is not intended to be exhaus-
tive. We cover Europe and North America, and we try to se-
lect events that differ in impacts, season and genesis in or-
der to provide a rich overview of the attribution capabilities
of our approach but also of its implementation difficulties.
We provide in Table 1 the list of the events studied, with the
peak day of each extreme used for the analogue search, af-
fected countries, longitude—latitude boxes used for the ana-
logue search, and months used for the analogue search. A
graphical representation of the events is provided in Fig. 1.

4.1 Winter Storm Filomena

In early January 2021 the weather regime over the Euro-
Atlantic sector was characterized by a negative phase of the
North Atlantic Oscillation (NAO), with cold air from the
Arctic being advected over southern Europe and frontal ac-
tivity favored over the Azores. Filomena was associated with
an extratropical cyclone that moved from the Azores to the
Canary Islands and the Iberian Peninsula on 6 and 7 January
respectively, resulting in strong precipitation and hurricane-
force winds. It triggered historic snowfalls in the inland re-
gions of the peninsula and a 14 d long cold spell. This excep-
tional event caused four casualties between 9 and 16 January
and economic losses of up to EUR 2 billion (Aon, 2021). The
cyclone formed on 1 January in the northeastern inland of
the United States. On 3 January it entered the North Atlantic,
and it began a sharp displacement southeastward forced by
a high-pressure system in the central North Atlantic and
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Table 1. List of the events presented in this study, with the peak day of each extreme used for the analogue search, affected countries,
longitude-latitude boxes used for the analogue search, and months used for the analogue search.

Event Date Countries Analogue box Analogue
(dd-mm-yyyy) months
Winter Storm Filomena 09-01-2021 Spain [15°W, 10°E, 30° N, 46°N] DIJFM
French spring cold spell 06-04-2021 France [10° W, 30°E, 30° N, 70° N] MAMIJ
Westphalia floods 14-07-2021 Benelux/Germany  [5° W, 23°E, 41° N, 59° N] JJAS
Mediterranean heat wave 11-08-2021 Spain/France/Italy ~ [10° W, 25°E, 30° N, 45°N]  JJAS
Hurricane Ida 02-09-2021 USA [80° W, 55° W, 35° N, 55°N] ASON
Po Valley tornado outbreak ~ 19-09-2021 Italy [10° W, 20°E, 35° N, 50°N]  MIJJASO
Medicane Apollo 29-10-2021 Italy [10°E, 20° E, 34° N, 40° N] SOND
Scandinavian cold spell 28-11-2021 Sweden/Norway [10° W, 30°E, 35°N, 75°N]  SOND

Scandinavian Cold Spell

il

Hurricane
Ida

Westphalia Floods

French Cold spell

Po Valley Tornadoes

Mediterranean Jea;—wave

Winter Storm Filomena

Medicane
. Apollo

Figure 1. Graphical representation of the events studied in this
work.

pushed by a polar jet with a strong meridional component.
When it arrived west of the Azores on 5 January in some-
what weakened form, it was named Filomena by the Spanish
State Meteorological Agency (AEMET), which emitted a se-
vere weather warning for Canary Islands and Spain for the 2
following days. On 6 and 7 January, Filomena strengthened
as it moved southeast towards the Canary Islands. The cy-
clone then traveled northeastward towards the Iberian Penin-
sula on 7 January, bringing relatively warm, humid air for
the winter season. At this time, southern Europe was experi-
encing cold temperature anomalies because of an anticyclone
located west of the UK, resulting in temperature minimums
below 0°C in almost the entire Iberian Peninsula. Hence,

https://doi.org/10.5194/wcd-3-1311-2022

when the storm arrived in the Gulf of Cadiz on 8 January,
its warm front blew over the preexisting cold air, allowing
precipitation in the form of snow or sleet throughout most
of the Iberian Peninsula, except for some parts of southern
Spain. The precipitation lasted for 3 d, until Filomena dis-
sipated in the Mediterranean Sea on 11 January. The most
affected regions were central and northeastern Spain, which
accumulated an average of 30 to 50 cm of snow (AEMET,
2021b). The accumulated snow favored the persistence of
low temperatures in the following days, triggering a cold
spell that lasted for about 2 weeks, from 5 to 17 January,
with a temperature average of 2 °C in the Iberian Peninsula
and an anomaly of —3.8° with respect to the 1981-2010 cli-
matology, as recorded by the AEMET (2021b).

4.1.1 Extratropical winter storms and climate change

The IPCC report (Lee et al., 2021) highlights that

the number of extratropical cyclones (ETC) com-
posing the storm tracks is projected to weakly de-
cline in future projections, but by no more than a
few percent change

and that

the reduction is mostly located on the equatorward
flank of the storm tracks.

However, it also states that

substantial uncertainty and thus low confidence re-
main in projecting regional changes in Northern
Hemisphere jet streams and storm tracks, espe-
cially for the North Atlantic basin in winter.

Nonetheless, as stated in chap. 11 of the IPCC AR6
(Seneviratne et al., 2021),

despite small changes in the dynamical intensity
of ETCs, there is high confidence that the precip-
itation associated with ETCs will increase in the
future.

Weather Clim. Dynam., 3, 1311-1340, 2022
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In addition, there is

high confidence that snowfall associated with win-
ter ETCs will decrease in the future, because in-
creases in tropospheric temperatures lead to a
lower proportion of precipitation falling as snow.

Besides the IPCC report, numerous studies have addressed
the influence of climate change on extratropical cyclones
(ETCs) due to their impacts on many regions of the planet
(e.g., Zappa et al., 2013; Ulbrich et al., 2009; Priestley
and Catto, 2022). Hence, there is a priori mixed evidence
for the anthropogenic contribution to dynamical changes in
Filomena-like storms.

4.1.2 Attribution of Filomena to climate change

We now use the ERAS data to perform the attribution of the
cyclonic circulation associated with Filomena for 9 January
2021 in the past and present climates (Fig. 2). We find a sig-
nificant increase in the slp up to 3 hPa in the factual period
(Fig. 2a—d). Figure 2e—g shows that Filomena was an unusu-
ally cold event compared to its analogues even in the coun-
terfactual period. In the factual period analogue temperatures
over Iberia are significantly warmer than in the counterfac-
tual period (Fig. 2h), by up to 4°C. This can likely be re-
lated to the long-term surface temperature warming signal
in recent years. Precipitation for the factual analogues com-
pared to the counterfactual ones is significantly larger in the
center and center-east of the Iberian Peninsula, where Filom-
ena had its highest impact, and in the southeast of the penin-
sula (Fig. 21). On the other hand, precipitation is significantly
lower in the Gulf of Lion and southwestern Mediterranean
Sea.

The analogue quality Q for Filomena is in the upper tail
of the distribution, indicating moderate quality, and is poorer
in the factual period (Fig. 2m) . There is little change in the
event’s predictability index D (Fig. 2n) with respect to the at-
mospheric circulation in the two periods. Still, the analogue
distributions in the two periods are statistically different, with
the factual period showing a shift towards higher D values.
On the contrary, the persistence ® of the event with respect
to the circulation decreases (Fig. 20), while no significant
change is found in the ® of the analogues. Figure 2p shows
only modest changes in seasonality, with a slight increase
in January and February analogues. Although Filomena oc-
curred during a negative ENSO phase, there is a significant
change in the ENSO distribution for the analogues, with the
factual period showing more positive values (Fig. 2q). This
means that the results may be modulated by ENSO. The dis-
tributions of the AMO phases do not evidence any significant
influence of this mode on the analogues (Fig. 2r).

Filomena-like storms in the factual period display higher
slp yet cause more precipitation in central Spain, the re-
gion that suffered the highest impacts from the storm. Even
though there are slightly more analogues in the coldest

Weather Clim. Dynam., 3, 1311-1340, 2022

D. Faranda et al.: 2021 extreme-event attribution

months, that is, January and February, there is a significant
increase in the 2 m temperature, making the snow at low al-
titudes less probable in a warmer climate. Given the reason-
able quality of analogues, we can state that the results are in
line with the expected climate-change trends discussed in the
previous section. However, since there is a shift in the dis-
tributions of ENSO conditioned to the analogues, we cannot
reject the hypothesis that ENSO variability has some influ-
ence on the analogues of Filomena.

4.2 French spring cold spell

A frost event took place from 6 to 8 April 2021 in France.
It was exceptional, with daily minimum temperatures below
—5°C recorded in several locations. Grapevines and fruit
trees were damaged especially in the Loire and Rhone val-
leys, as frost management strategies (e.g., heating from bra-
ziers) could not be implemented in time. The temperatures
broke record lows at many French weather stations. This cold
event happened 1 week after an episode of high temperatures
in March, which was also record-breaking at many locations
in France (LaChaineMeteo, 2021) and western Europe. This
sequence (or compound event, according to the definition
proposed by Zscheischler et al., 2020) led the growing sea-
son to start early, with bud burst occurring in March and the
new leaves and flowers left exposed to the deep frost episode
that followed in early April. The April cold spell was associ-
ated with an advection of cold air from the Arctic into France
on 5-6 April 2021, facilitated by a deep low pressure based
over Scandinavia and anticyclonic conditions overs Iceland.
This created the low-temperature anomaly in the subsequent
days.

4.2.1 Cold spells and climate change

The IPCC ARG6 describes as “virtually certain” that there
have been warmer and/or rarer cold spells over most land ar-
eas since the 1950s, that this trend is due to anthropogenic
climate change, and that it is set to continue in the fu-
ture (IPCC, 2021). As stated in chap. 11 of the IPCC AR6
(Seneviratne et al., 2021),

a decrease in the number of cold spell days has
been observed over nearly all land surface ar-
eas (Easterling et al., 2016) and in the northern
mid-latitudes in particular (Van Oldenborgh et al.,
2019).

While a rapid warming, in general, lowers the probability
of cold spell occurrence, projected changes in the tempera-
ture distribution imply that regional changes in cold spell fre-
quency and/or intensity may not match changes in the mean
temperature (Tamarin-Brodsky et al., 2019). Similarly, Kodra
etal. (2011) have shown that long-lasting periods where tem-
peratures drop below an absolute threshold (e.g., frost days)
may still be produced locally and occasionally even in fu-
ture, warmer climates. There has also been a lively debate in
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Figure 2. Attribution for Storm Filomena on 9 January 2021. Daily mean sea-level pressure slp (a), 2 m temperatures t2m (e) and total
precipitation tp (i) on the day of the event. Average of the 33 sea-level pressure analogues found for the counterfactual [1950-1979] (b) and
factual [1992-2021] (¢) periods and corresponding 2 m temperatures (f, g) and daily precipitation rate (j, k). Aslp (d), At2m (h) and Atp (1)
between factual and counterfactual periods: colored—filled areas show significant anomalies with respect to the bootstrap procedure. Violin
plots for counterfactual (blue) and factual (orange) periods for the analogue quality Q (m), the predictability index D (n), the persistence
index ® (o) and the distribution of analogues in each month (p). Violin plots for counterfactual (blue) and factual (orange) periods for
ENSO (q) and AMO (r). Values for the peak day of the extreme event are marked by a color-filled circle.
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the literature on whether dynamical changes associated with
climate change may act to partly counter the thermodynamic
changes and favor cold spell occurrence. Faranda (2020) and
D’Errico et al. (2022) argued that circulation patterns asso-
ciated with cold spells over Europe have been increasing in
frequency in the present climate and will continue to do so
under future climate change. Several authors have also ar-
gued for or against a link between Arctic amplification and
an increased occurrence of cold spells in some mid-latitude
regions (Mori et al., 2014; Cohen et al., 2018; Blackport and
Screen, 2020; Ye and Messori, 2020; Jolly et al., 2021).

Cold spells continue to have large detrimental socio-
economic effects, with several high-impact events occurring
in recent winters, notably during the 2018-2019 and 2020—
2021 winters in North America (Lee and Butler, 2020; BBC,
2022; Lillo et al., 2021; Doss-Gollin et al., 2021; Miller,
2022) and the 2017-2018 winter in Europe (Kautz et al.,
2020; LeMonde, 2018). Moreover, even if the absolute sever-
ity of cold spells decreases, rapid temperature swings are a
hazard in their own right (Kral-O’Brien et al., 2019; Casson
etal., 2019).

4.2.2 Attribution of the French spring cold spell to
climate change

A statistical analysis of the temperatures during the French
cold spell of 2021 was proposed by a team of the World
Weather Attribution (Vautard et al., 2021). This report con-
cluded that while climate change has raised the absolute tem-
peratures during cold spells, it has also led to an intensifica-
tion of growing-period frosts due to earlier bud burst. The
2021 cold outbreak occurred right after a specific weather
pattern called the “Atlantic Ridge”, identified as one of the
four main weather regimes in the North Atlantic region
(Michelangeli et al., 1995). The goal of this section is to an-
alyze how the features of this weather pattern have evolved
with climate change using the ERAS reanalyses (Fig. 3). This
analysis complements the report of Vautard et al. (2021) by
examining the atmospheric circulation. We focus on the date
of 6 April 2021, the day where the circulation particularly
favored the advection of cold air into France. For this day
the slp pattern (Fig. 3a) consisted of a ridge of high pres-
sure over the Atlantic and a large cyclonic structure over
Scandinavia, with cold air advection from northern latitudes
into France. The analogues associated with this circulation
in the counterfactual (Fig. 3b) and factual (Fig. 3c) peri-
ods exhibit the same zonal pressure gradient, and their dif-
ference (Fig. 3d) shows that the gradient is amplified in
factual world, leading to stronger cold advection towards
France. The t2m for 6 April 2021 (Fig. 3e) shows cold con-
ditions over northern and western Europe, while the ana-
logues are milder (Fig. 3f, g), and At2m is mostly greater
than 0 °C everywhere. If we focus over France, we can con-
clude that this cold spell would have led to temperatures 2—
4°C colder without anthropogenic forcing. Looking at the
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precipitation maps (Fig. 3i, j, k) and the Atp (Fig. 31) we
see that the cold spell atmospheric pattern corresponds to
dry conditions over France. There is no change in precipita-
tion patterns over France between the factual and counterfac-
tual conditions (Fig. 31). However, the reinforcement of the
zonal pressure gradient in the factual period leads to an in-
crease in the precipitation over continental Europe and a de-
crease on the Mediterranean Sea. The values of Q (Fig. 3m)
suggest that the pattern under examination is rare compared
to its analogues. The distribution of the predictability index
D (Fig. 3n) shifts towards lower values in the factual pe-
riod, although there are no significant changes relative to the
counterfactual distribution. Similarly, there are not signifi-
cant shifts in the distribution of the persistence ® (Fig. 30).
Nonetheless, the extreme itself becomes markedly more per-
sistent relative to the atmospheric circulation in the factual
period. The monthly distribution of the analogues (Fig. 3p)
suggests that there is a shift of this circulation pattern towards
April and June months and that its occurrence in March is de-
creasing in recent times.

Figure 3q suggests a significant change in the ENSO
phases associated with the analogues in the two periods,
while no significant role of the AMO is detected with this
analysis (Fig. 3r). Therefore the attribution of this event to
climate change comes with the caveat of a potential role of
ENSO on the associated pattern of atmospheric circulation.

To conclude, our analysis suggests, in line with the liter-
ature on cold spells and climate change cited in Sect. 4.2.1,
that the French spring cold spell event is becoming rare in
the month of March in the current climate and that it would
have led to cooler temperatures in a world without climate
change.

4.3 Westphalia floods

On 11 July 2021 the synoptic situation over western Europe
was characterized by a ridge situated west of Ireland. As
this low-pressure system — named “Bernd” by the German
Meteorological Service (DWD; see Junghinel et al., 2021)
— gradually moved eastward, it was isolated from the usu-
ally westerly large-scale flow by a strong anticyclonic sys-
tem that built up over the eastern part of the Atlantic and
deviated the jet stream north of Scotland. By 13 July, Bernd
was completely cut from the main flow and remained sta-
tionary over western and central Europe until 16 July, be-
fore being gradually pushed east. Hot and moist surface air
from northern Europe and the Mediterranean was advected
by the cyclonic movement around the cutoff, which led from
12 to 15 July to recurrent and persistent heavy rains first over
mountain ranges due to orographic and dynamic uplift and
then over the entire region of Belgium, Luxembourg, west-
ern Germany and eastern France. The maximum precipita-
tions over the region were centered on the west of Belgium
with some locations receiving more than 250 mm of rain in
48h (e.g., in Jalhay, Belgium, according to what reported
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Figure 3. Attribution for the French cold spell on 6 April 2021. Daily mean sea-level pressure slp (a), 2 m temperatures t2m (e) and total
precipitation tp (i) on the day of the event. Average of the 33 sea-level pressure analogues found for the counterfactual [1950-1979] (b) and
factual [1992-2021] (¢) periods and corresponding 2 m temperatures (f, g) and daily precipitation rate (j, k). Aslp (d), At2m (h) and Atp (1)
between factual and counterfactual periods: colored—filled areas show significant anomalies with respect to the bootstrap procedure. Violin
plots for counterfactual (blue) and factual (orange) periods for the analogue quality Q (m), the predictability index D (n), the persistence
index ® (o) and the distribution of analogues in each month (p). Violin plots for counterfactual (blue) and factual (orange) periods for
ENSO (q) and AMO (r) indices. Values for the peak day of the extreme event are marked by a blue dot. Horizontal bars in panels (m)—(r)
correspond to the mean (black) and median (red) of the distributions.
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by Kreienkamp et al., 2021). The soils, already humid due to
recurring precipitation events during the preceding 3 weeks,
were incapable of absorbing more water, which led to runoff
and overflow of small watercourses and flash floods. After-
wards, larger rivers such as the Ruhr and the Meuse also
overflowed, causing massive casualties mainly in Germany
(196 people, according to DieWelt, 2021) and Belgium (42
casualties, according to Het Laatste Nieuws, 2021). In ad-
dition to the terrible fatalities, the floods severely damaged
goods and infrastructure, with a total cost estimated around
EUR 10 billion (Business Insurance, 2022) for Belgium. It
was afterwards found using hydrological data that the flood
in the regions affected was significantly higher than any flood
since the beginning of the systematic records (Kreienkamp
et al., 2021).

4.3.1 Floods and climate change

Rapidly after the event, the potential link between the event
and climate change was highlighted by activists and jour-
nalists. Indeed, as the atmosphere warms up, it can contain
more water — 7 % K~! of warming according to the Clausius—
Clapeyron relationship — therefore allowing more intense ex-
treme precipitation events. Several studies (Madsen et al.,
2014; Kundzewicz et al., 2018, 2019) investigated the link
between climate variability, extreme precipitation, and hy-
drological floods globally and in Europe. As stated in the last
IPCC report (IPCC, 2021), there is high confidence that

a warmer climate will intensify very wet and very
dry weather and climate events and seasons, but the
location and frequency of these events depend on
projected changes in regional atmospheric circula-
tion.

Especially for Europe, there is medium confidence that at
1.5 °C of warming,

heavy precipitation and associated flooding are
projected to intensify and be more frequent.

This result highly depends on the type of water basins, es-
pecially if the peak flow is snowmelt-dominated. More gen-
erally, heavy precipitations are strongly entangled with nat-
ural variability of the climate system. Ultimately, although
flooding usually depends strongly on the local characteris-
tics of the hydrological system — especially artificialization
of soils and containment of rivers — more intense flooding
can be linked to climate change via the increased intensity of
heavy rains.

4.3.2 Attribution of Westphalia floods to climate
change

An attribution study of the Westphalia floods has already
been published by the World Weather Attribution net-
work, which investigated the influence of climate change on
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heavy precipitations over a broad region of western Europe
(Kreienkamp et al., 2021). The authors of the study con-
cluded that a climate warming of 1.2 °C (current climate) led
to an increase in the likelihood of such an event by a factor
between 1.2 and 9 with respect to the pre-industrial period.
Here, we condition the attribution results on the atmospheric
dynamics leading to the occurrence of similar events. Re-
sults of our attribution analysis are displayed in Fig. 4. We
found no significant decrease in the slp of the cutoff low
over Germany between the factual and counterfactual peri-
ods (Fig. 4a—d) and only moderate increases in t2m over the
regions of interest (Fig. 4e—h). We found also a large and
significant increase in precipitation (up to 5mmd~") over
southwest Germany, eastern France and the western Alps
(Fig. 4i-1). This increase is consistent with the increasing
amount of water vapor that a warmer atmosphere can carry.

Overall, the analogue quality (Fig. 4m) is good in both
periods. It allows us to emphasize that, even if intense pre-
cipitation events due to cutoff lows over western Europe in
summer are not unusual, this event was particularly intense
and climate change likely made it more intense via an in-
creased quantity of water vapor in the atmosphere. No signif-
icant changes are observed in the distributions of predictabil-
ity D (Fig. 4n) and persistence ® (Fig. 40) or in the pre-
dictability or persistence of the event itself relative to the
circulation in the two periods. In the factual period, events
tend to happen slightly more frequently in the month of July
(Fig. 4p), a favorable month for the development of large
convective systems in the area, but overall changes in sea-
sonality are small. When investigating the link between the
event and low-frequency variability of the climate system,
Fig. 4q shows no significant difference in the ENSO distri-
butions during analogue occurrences between the factual and
counterfactual periods, even though the distribution in the
counterfactual period is broader. Figure 4r, however, displays
a significant change between the AMO distributions, with the
analogues in the factual period being found in warmer phases
of the AMO than in the counterfactual period. This suggests
that attributing this event to climate change requires disen-
tangling the possible role of AMO versus global warming.

In summary, the Westphalia floods occurred after an in-
tense rain event caused by a cutoff lows stagnating over
the region of Belgium, Luxembourg, western Germany and
eastern France. They caused massive casualties and severely
damaged property and infrastructure. Our analysis is coher-
ent with the existing literature which shows that a warmer
atmosphere leads to an intensification of extreme rain events
which in turn can exacerbate the intensity of floods. It should
nonetheless be emphasized that attributing this event requires
taking into account the role of low-frequency climate vari-
ability in the results.
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Figure 4. Attribution for the Westphalia floods on 14 July 2021. Daily mean sea-level pressure slp (a), 2 m temperatures t2m (e) and total
precipitation tp (i) on the day of the event. Average of the 33 sea-level pressure analogues found for the counterfactual [1950-1979] (b) and
factual [1992-2021] (c) periods and corresponding 2 m temperatures (f, g) and daily precipitation rate (j, k). Aslp (d), At2m (h) and Atp (1)
between factual and counterfactual periods: colored—filled areas show significant anomalies with respect to the bootstrap procedure. Violin
plots for counterfactual (blue) and factual (orange) periods for the analogue quality Q (m), the predictability index D (n), the persistence
index ® (o) and the distribution of analogues in each month (p). Violin plots for counterfactual (blue) and factual (orange) periods for
ENSO (q) and AMO (r). Values for the peak day of the extreme event are marked by a blue dot. Horizontal bars in panels (m)—(r) correspond

to the mean (black) and median (red) of the distributions.
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4.4 Mediterranean heat wave

During the month of August, an area of high pressure in
the upper troposphere affected a large part of the Mediter-
ranean basin. The upper-lever high-pressure system caused
atmospheric subsidence which simultaneously compressed
the air and warmed it, a phenomenon known as “heat dome”.
This atmospheric configuration induced a severe heat wave
over the Mediterranean region from 10 to 15 August: south-
ern Italy, France, Spain and north Africa were most af-
fected, with extensive wildfires and high temperatures. On
11 August, record-breaking temperatures were recorded at
several locations in Italy. The town of Santa Maria Capua
Vetere in Campania reached 42.2 °C, 44.5°C was recorded
at Bova in Calabria and 43.6 °C was recorded at Ballao in
Sardinia (Mazzoleni, 2021). The highest temperature was
recorded in eastern Sicily with a peak of 48.8 °C recorded
in Floridia in the province of Syracuse (SIAS, 2021). This
is the current European temperature record. From 12 Au-
gust, the heat dome moved towards Spain. There, the heat
peak was reached on 14 August, establishing a new na-
tional temperature record of 47.4 °C in Montoro, Andalusia
(AEMET, 2021a). The heat wave also reached southeastern
France, where 40.9 °C was recorded in Varages in the Var,
and 41.2 °C was recorded in Trets, Bouches-du-Rhone. Some
records were broken also in Tunisia, with 47 °C in Tunis and
50.3 °C in Kairouan (WMO, 2021). The heat wave addition-
ally triggered extensive wildfires in Italy, Spain, France and
Greece. During the night of 11 to 12 August, more than 500
fires were recorded in Italy, causing four casualties (CEMS,
2021c¢). Spain faced fires in the area of Navalacruz and Ri-
ofrio. A fire of 90km of perimeter devastated 12000 ha
of vegetation and led to the evacuation of 1000 inhabi-
tants (CEMS, 2021a). Similarly in the Var (France) wildfires
burned 6300 ha and resulted in the evacuation of 7000 people
and the death of 2 people (CEMS, 2021b).

4.4.1 Mediterranean heat waves and climate change

The IPCC ARG (Ali et al., 2022) clearly highlights the major
changes in heat wave characteristics in the Mediterranean re-
gion brought about by climate change. The report states that

Surface temperature in the Mediterranean region
is now 1.5°C above the pre-industrial level, with
a corresponding increase in high-temperature ex-
treme events (high confidence)

and that

A growing number of observed impacts across the
entire basin are now being attributed to climate
change, along with major roles of other forcing
of environmental change (high confidence). These
impacts include multiple consequences of longer
and/or more intensive heat waves.
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Finally, the report states that

During the 21st century, climate change is pro-
jected to intensify throughout the [Mediterranean]
region. Air and sea temperature and their extremes
(notably heat waves) are likely to continue to in-
crease more than the global average (high confi-
dence).

Several studies in the literature have investigated the
changes related to climatic factors in the Mediterranean,
coming to similar conclusions concerning the generalized in-
crease in heat wave frequency and intensity expected in the
region (e.g., Guerreiro et al., 2018; Molina et al., 2020), and
also highlighting that this may be accompanied by a drying
trend (Spinoni et al., 2020; Grillakis, 2019).

4.4.2 Attribution of the Mediterranean heat wave to
climate change

We use ERAS to perform the attribution of the anticyclonic
circulation associated with the Mediterranean heat wave in
past and present climates. We note that we will select the
analogues independently of the extratropical or tropical na-
ture of the depression that produced them. Figure 5 shows the
results for the 11 August 2021, when the heat wave peaked
over southern Italy. We do not detect a significant change
in the slp for the factual period compared to the counterfac-
tual period (Fig. 5a—d). However, we do observe a signifi-
cant warming in t2m in the factual analogues compared to
the counterfactual ones (Fig. Sh), with positive At2m anoma-
lies of 2-3°C over much of the land areas in the western
Mediterranean basin. Nonetheless, the factual analogues are
still cooler than the observed extremely warm conditions on
11 August 2021 (Fig. Se, g). The warming in the factual pe-
riod is associated with a significant decrease in tp in southern
continental Europe and over Sicily, which could be explained
by the high temperatures and stability which suppress con-
vection (Fig. 5i-1). The Q values (Fig. 5Sm) suggest a reason-
ably good analogue quality in both periods. Again in both
periods, the extreme-event predictability index D is close to
the maximum of the analogue distributions (Fig. 5n), despite
the fact that the two distributions are significantly different.
This means that the slp pattern for the observed heat wave
was unpredictable relative to its analogues. Moreover, the
event’s D is higher when calculated on the factual period data
than on the counterfactual period data. Persistence ® shows
no significant changes in the analogues’ distribution or large
changes in the event’s ® as computed from the data in the
two periods (Fig. 50). Only minor changes in seasonality are
observed (Fig. 5p). We finally looked at the possible influ-
ence of the low-frequency variability (ENSO and AMO) on
the analogues (Fig. 5q, r). We cannot dismiss the impact of
ENSO and AMO variability as the distributions of both in-
dices conditioned on the analogues change significantly be-
tween the factual and counterfactual periods. Specifically, the
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ENSO distribution shifts from weakly negative to neutral val-
ues, while the AMO distribution shifts from weakly negative
to positive values.

In summary, our analysis is in line with the existing litera-
ture cited in Sect. 4.4.1, as it shows the predominance of the
thermodynamic effects of climate change on the heat wave,
with a clear warming signal in the analogues, which is higher
than that of the global average. This signal is associated with
dryer conditions over land. We nonetheless reiterate the pos-
sible influence of low-frequency climate variability on our
results.

4.5 Hurricane Ida

Hurricane Ida was a tropical and post-tropical cyclone that
occurred in the North Atlantic basin (Caribbean Sea and
mainland USA) in August 2021. Besides being the most in-
tense tropical cyclone (TC) to make landfall in the USA in
that season, it had a very damaging post-tropical stage. Hur-
ricane Ida (track shown in Fig. 6) was first detected as a trop-
ical wave on 23 August. It was named as a tropical storm on
26 August, and it became a Category 1 hurricane on the day
it made a first landfall over Cuba on 27 August. This landfall
did not weaken it, and it underwent rapid intensification as it
approached Louisiana’s coast, where it made landfall again
as a Category 4 hurricane (NHC/NOAA, 2021). At its peak
intensity, 1 min sustained winds reached 240 km h~! and the
minimum central pressure was 929 hPa. Notably, it did not
rapidly weaken because of the “brown ocean effect”’, where
flat and moist land conditions allow a TC to retain its inten-
sity for a longer period of time. Ida finally dropped below
hurricane strength on 30 August.

While it was still a tropical wave, Ida triggered floods in
Venezuela with 20 casualties. In Cuba, the material damage
was important, but no casualties were reported. In Louisiana
and Mississippi there were a total of 38 deaths, among which
23 were indirect, mostly from carbon monoxide poisoning
(Hanchey et al., 2021). A large power outage left more
than 1 million experiencing a blackout. Heavy infrastructural
damage is estimated around USD 15 billion (NCDC/NOAA,
2021). These figures can be compared to Katrina’s — the
costliest hurricane to date, which made landfall on the same
date and the same place 16 years before — 1838 deaths and
USD 125 billion in damages (NHC/NOAA, 2018).

While Ida was weakening into an extratropical low, it
combined with a frontal zone, regaining tropical-storm force
winds and unleashing large amounts of rainfall over the
northeastern USA. The casualties in this region were greater
than those for Ida’s tropical stage, with 42 deaths mostly
due to flash floods. Finally, Ida ended its course over east-
ern Canada, dissipating in the Gulf of St. Lawrence.
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4.5.1 Hurricanes and climate change

Of all extreme events, tropical cyclones (TC) are among
those for which the impacts of climate change are the most
uncertain. The reason for this is threefold: (i) the lack of a
satisfying theory for cyclogenesis, (ii) the short span of re-
liable observations, and (iii) the difficulty to simulate TCs
in state-of-the-art global models, because of their too coarse
resolution. Despite the relatively short span of available ob-
servations, some conclusions can still be drawn from the past
record (Knutson et al., 2019).
Notably, the IPCC’s AR6 report (IPCC, 2021) states that

it is very likely that heavy precipitation events
will intensify and become more frequent in most
regions with additional global warming. At the
global scale, extreme daily precipitation events are
projected to intensify by about 7 % for each 1 °C of
global warming (high confidence). The proportion
of intense tropical cyclones (categories 4-5) and
peak wind speeds of the most intense tropical cy-
clones are projected to increase at the global scale
with increasing global warming (high confidence).
(SPM, B2.4)

Modeling studies using different methodologies (large-
scale indicators vs. direct TC tracking) disagree on the sign
of future global TC frequency trends. There is nonethe-
less some confidence in trends of TC-related risks. Knutson
et al. (2020) highlight these in order of decreasing certainty:
(1) because of sea-level rise, storms surges will become more
important; (2) TC precipitation rates will increase; (3) the
proportion of intense TCs among all TCs will continue to
rise, and the maximum surface wind speed will increase of
about 5 %.

There is also growing concern about the increase in wind-
storm risks associated with post-tropical cyclones (Haarsma,
2021). Indeed, studies in reanalyses showed that despite
representing a small number of extratropical storms, post-
tropical cyclones are among the most intense ones to reach
North America and Europe (Baker et al., 2021; Sainsbury
et al., 2020). A global climate-change projection shows that
more tropical cyclones are likely to undergo post-tropical
transition in the future, especially in the North Atlantic basin
(Michaelis and Lackmann, 2019).

4.5.2 Attribution of Hurricane Ida to climate change

We now focus on the day Ida produced heavy precipitation
in New York City, namely 2 September 2021, and apply the
analogue methodology to perform an attribution. We note
that we select analogues independently of the extratropical
or tropical nature of the depression that has produced them.
Figure 7a shows the daily slp associated with Ida on the cho-
sen date, and Fig. 7b and ¢ show the analogue average for
the counterfactual and the factual periods. We find a signifi-
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Figure 5. Attribution for the Mediterranean heat peak on 11 August 2021. Daily mean sea-level pressure slp (a), 2 m temperatures t2m (e) and
total precipitation tp (i) on the day of the event. Average of the 33 sea-level pressure analogues found for the counterfactual [1950-1979] (b)
and factual [1992-2021] (c) periods and corresponding 2 m temperatures (f, g) and daily precipitation rate (j, k). Aslp (d), At2m (h) and
Atp (1) between factual and counterfactual periods: colored—filled areas show significant anomalies with respect to the bootstrap procedure.
Violin plots for counterfactual (blue) and factual (orange) periods for the analogue quality O (m), the predictability index D (n), the persis-
tence index ® (o) and the distribution of analogues in each month (p). Violin plots for counterfactual (blue) and factual (orange) periods for
ENSO (q) and AMO (r). Values for the peak day of the extreme event are marked by a blue dot. Horizontal bars in panels (m)—(r) correspond
to the mean (black) and median (red) of the distributions.
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Figure 6. Track and associated precipitation for Hurricane Ida. The
6-hourly track positions from the IBTrACS (Knapp et al., 2010;
Knapp et al., 2018) database are provided with their wind speed and
status from the NHC report. Cumulated daily precipitation between
28 August and 3 September 2021 from the NCEP/CPC (2022) US
Unified Precipitation is displayed. White indicates no data.

cant weakening of the slp depression (i.e., an increase in the
minimum slp) for the factual with respect to the counterfac-
tual period (Fig. 7d). Furthermore, we observe that temper-
atures (Fig. 7e—g) are significantly warmer (Fig. 7h) in the
factual period. The signal of changes in analogues’ precip-
itation between the two periods is mixed, and both sets of
analogues additionally display relatively different precipita-
tion patterns from that observed for Ida (Fig. 7i-1). We have
confidence in these results because the quality of the ana-
logues Q for the event is well within (albeit in the upper tails
of) the distributions of Q for its analogues in both factual
and counterfactual periods (Fig. 7m). The distribution of ana-
logue quality changes significantly between the two periods,
and we observe that the distribution is narrower and shifted
towards lower values in the factual period, meaning that the
event is becoming more typical (Fig. 7m). There is also a sig-
nificant change in predictability of the analogue distribution,
with a shift towards lower D (and hence higher predictability,
Fig. 7n), but not in persistence (Fig. 70). We see an increase
in analogues in the months of August/September in the fac-
tual period (Fig. 7p): these months are in the tropical cyclone
season in the North Atlantic, and therefore it is likely that
more events in the factual period correspond to post-tropical
cyclones. This is in line with the significant change in the
AMO distribution between the two sets of analogues, with
a shift towards more positive (warmer) values in the factual
period (Fig. 7r). Indeed, a warmer phase of the AMO favors
cyclonic activity and hence post-cyclonic activity. There is
no significant change in the distribution of ENSO between
the two sets of analogues (Fig. 7q).

Ida was already a rare extreme event as a Category 4 hur-
ricane, but it will leave a mark especially because of its im-
pactful post-tropical stage. As discussed in Sect. 4.5.1, very
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intense hurricanes are likely to become more frequent with
climate change, and they will be more likely to undergo post-
tropical transition. What is particular for Ida, however, is that
this transition occurred inland. What allowed the storm to re-
main intense in between a very strong tropical cyclone stage
and the encounter with an extratropical perturbation could be
the wet and warm conditions allowing for the brown ocean
effect. However, we are aware of no formal study of such
inland post-tropical cyclones in the literature. An important
caveat of our analysis is that it does not take into account the
post-tropical or extratropical nature of the analogue storms
but only their slp footprints, so that it is hard to disentangle
changes in the type of events that would occur in the area
and the impact of climate change on each type of event. Our
results nonetheless highlight a potential increase in autumn
storm risk over northeastern North America and a possible
AMO-driven modulation in the observed signal.

4.6 Po Valley tornado outbreak

On 19 September 2021, an outbreak of seven tornadoes af-
fected the central Po Valley, in northern Italy. In particu-
lar, six of these formed in Lombardy and one, the most in-
tense and damaging, hit a small airport near Carpi, Emilia-
Romagna. Both mesocyclonic and non-mesocyclonic vor-
tices were observed during the event, one the most impres-
sive tornado outbreaks on record for the region. While tor-
nadoes and waterspouts do occur regularly in Italy, they are
on average much less frequent and less intense than in ar-
eas such as the midwestern and southeastern USA. How-
ever, the structure and location of the Po Valley can lead
to the insurgence of environmental conditions conducive for
occasionally intense phenomena, including tornadoes reach-
ing EF4+ intensity on the Enhanced Fujita scale (Doswell
et al., 2009). During the summer, the Po Valley can persis-
tently host hot and humid air. The presence of the Adriatic
Sea to the southeast provides an additional source of mois-
ture, which can be advected to the region by the low-level jet
preceding low-pressure systems approaching from the north-
west. Moreover, the presence of the Apennines mountain
range can encourage the formation of dry lines in the event of
southwesterly flow due to foehn effect, contributing to super-
cell development (Alberoni et al., 1996). On 19 September,
a high-pressure system extended from the central Mediter-
ranean Sea to Scandinavia, while a high-level low pressure
approached the Po Valley from France, connected to a trough
located over northwestern Europe. During the afternoon, the
region was affected by a dynamic and thermodynamic setup
favorable to tornado development: a hot and humid low-level
jet from the east, a strong wind shear with winds from the
southwest at 500 hPa, a jet stream from the west at 200 hPa,
and an approaching upper-level low characterized by rela-
tively cold air and by the entrainment of stratospheric dry
air. This led to the formation of strong thunderstorms asso-
ciated with six tornadoes over Lombardy, roughly arranged
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Figure 7. Attribution for the Hurricane Ida passage over the New York City area on 2 September 2021. Daily mean sea-level pressure slp (a),
2 m temperatures t2m (e) and total precipitation tp (i) on the day of the event. Average of the 33 sea-level pressure analogues found for
the counterfactual [1950-1979] (b) and factual [1992-2021] (c) periods and corresponding 2 m temperatures (f, g) and daily precipitation
rate (j, k). Aslp (d), A2m (h) and Atp (1) between factual and counterfactual periods: colored—filled areas show significant anomalies with
respect to the bootstrap procedure. Violin plots for counterfactual (blue) and factual (orange) periods for the analogue quality Q (m), the
predictability index D (m), the persistence index ® (o) and the distribution of analogues in each month (p). Violin plots for counterfactual
(blue) and factual (orange) periods for ENSO (q) and AMO (r). Values for the peak day of the extreme event are marked by a blue dot.
Horizontal bars in panels (m)—(r) correspond to the mean (black) and median (red) of the distributions.
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along a line between the cities of Milan and Brescia. Around
17:00 CEST (UTC+2), an isolated thunderstorm formed to
the southeast of this area, closer to the Apennines range, and
assumed markedly supercellular features, with a hook-echo
reflectivity signature, a Doppler velocity couplet and a devi-
ation to the right with respect to the mid-level flow: all clear
signs of a strong rotating updraft. This supercell produced a
well-documented tornado which hit a local airport, resulting
in possible EF3 damage (Poli and Stanzani, 2022).

4.6.1 Tornadoes and climate change

The IPCC ARG, chap. 11 (Seneviratne et al., 2021), states
that past trends in tornado occurrence are not robust due to
short observation time series and that

There is medium confidence that the mean annual
number of tornadoes in the USA has remained rel-
atively constant, but their variability of occurrence
has increased since the 1970s, particularly over the
2000s, with a decrease in the number of days per
year, and an increase in the number of tornadoes
on these days (high confidence). Detected torna-
does have also increased in Europe, but the trend
depends on the density of observations.

Moreover, even though high confidence is given to an in-
crease in CAPE over the tropics and subtropics, over the
USA, the increase in CAPE could be associated with a de-
crease in the vertical wind shear. This according to the IPCC
suggests

favourable conditions for an increase in severe con-
vective storms in the future, but the interpreta-
tion of how tornadoes or hail will change is an
open question because of the strong dependence on
shear.

Finally, the IPCC report (Seneviratne et al., 2021) con-
cludes that it is

extremely difficult to detect and attribute changes
in severe convective storms.

Most studies are focused on the USA, pointing to an in-
creased variability, efficiency and possibly intensity of tor-
nado outbreaks in the last decades (Brooks et al., 2014; El-
sner et al., 2015, 2019). However, tornadoes in Europe re-
main an underestimated threat (Antonescu et al., 2017), even
though they can affect very densely populated areas, as in the
case described in this article.

4.6.2 Attribution of the Po Valley tornado outbreaks to
climate change

Figure 8 shows the results for the attribution of the synop-
tic configuration associated with the Po Valley tornado out-
break episode. We do not observe significant differences in
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the pressure field over the Po Valley and only a marginally
weaker low-pressure area in the Genoa Gulf (Fig. 8a—d) for
the factual with respect to the counterfactual analogues. In-
stead, we observe that temperatures are significantly warmer
(Fig. 8h) in the recent period, especially over land, includ-
ing the Po Valley, and the Adriatic sea. This provides an in-
creased amount of convective potential energy, through the
transport of hot and humid air within the low-level jet. The
factual period atmospheric configuration is further associated
with higher precipitation over the Alps and central Europe
and slightly lower precipitation over the Italian Peninsula
(Fig. 8i-1), which is coherent with a more intense transport
of warm and humid air from the southeast.

The analogue quality shows that this circulation pattern
is relatively common compared to the rest of the analogues.
We do not detect visible changes in the predictability D
(Fig. 8n) and persistence ® (Fig. 80) of the analogues be-
tween the two periods. However, the predictability of the
event itself is lower (higher D) when computed using data
from the factual period. The seasonal occurrence of ana-
logues (Fig. 8p) is quite consistent with the months of occur-
rence of tornadoes in northern Italy, with a maximum dur-
ing summer; however, we do observe a general shift towards
analogues occurring earlier in the season during the factual
period, with the largest increase in July, when land-surface
temperatures reach the annual maximum and the probabil-
ity of low-pressure areas entering the Mediterranean basin
is higher than in May or June, offering more energy and
occasions for convective instability. Finally, changes in the
distributions of ENSO (Fig. 8q) and AMO between the two
periods (Fig. 8r) are at the very margin of statistical signifi-
cance, suggesting that no strong conclusion can be drawn on
the influence or lack thereof of these modes of decadal and
inter-decadal variability.

Our analysis of the Po Valley tornado outbreak shows a
clear increase in temperature of the analogues of this event
in the factual period. This is compatible with the occurrence
of more favorable environments for tornadoes due to climate
change as mentioned in Sect. 4.6.1. However, the small spa-
tiotemporal scale of the phenomenon requires caution in the
interpretation of the attribution results.

4.7 Medicane Apollo

When the relatively cold atmospheric air coming from polar
latitudes meets the warm surface of the Mediterranean Sea,
extratropical cyclones change their characteristics into near-
tropical depressions. These hybrids — termed “medicanes”
(portmanteau of the words Mediterranean and hurricanes) —
can be very damaging because of the strong winds and the
intense convective precipitations (thunderstorms) originating
around the eye of the storm.

Medicane Apollo (named by a consortium of European
meteorological services; see Meteoweb, 2021) formed on
28 October in the Ionian Sea, offshore of Sicily, from a very
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Figure 8. Attribution for the Po Valley tornado outbreak on 19 September 2021. Daily mean sea-level pressure slp (a), 2m temperatures
t2m (e) and total precipitation tp (i) on the day of the event. Average of the 33 sea-level pressure analogues found for the counterfactual
[1950-1979] (b) and factual [1992-2021] (c) periods and corresponding 2 m temperatures (f, g) and daily precipitation rate (j, k). Aslp (d),
At2m (h) and Atp (I) between factual and counterfactual periods: colored—filled areas show significant anomalies with respect to the bootstrap
procedure. Violin plots for counterfactual (blue) and factual (orange) periods for the analogue quality Q (m), the predictability index D (n),
the persistence index ® (o) and the distribution of analogues in each month (p). Violin plots for counterfactual (blue) and factual (orange)
periods for ENSO (q) and AMO (r). Values for the peak day of the extreme event are marked by a blue dot. Horizontal bars in panels (m)—(r)
correspond to the mean (black) and median (red) of the distributions.
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Figure 9. Track and associated precipitation for Apollo. Data from ERAS: track position is retrieved as the local minimum of slp, wind is
the maximum wind speed in a 1.5° great-circle distance (GCD) radius of the slp center, precipitation is cumulated between 00:00 UTC on
24 October 2021 and 16:00 UTC on 31 October 2021. Time stamps indicate the first point for each day whose number is indicated.

active low-pressure disturbance. This low-pressure system
was isolated near the Balearic Islands around 22 October
and then moved to the central Mediterranean Sea, produc-
ing self-regenerating thunderstorms in the area of Catania on
24 October. These thunderstorms, which occurred before the
extratropical cyclone became a medicane, already resulted in
extremely heavy rain and floods in Catania (> 400 mm rain
in 48 h, estimated by SIAS, 2021). Figure 9 displays the track
of the cyclone along its life cycle. During the tropical phase
of Apollo, according to the latest report available, at least 10
people were killed by the storm in Sicily, Malta, Algeria and
Tunisia (jbarisk, 2021). The highest wind gusts were mea-
sured on 29 October (104kmh~!), and the minimum pres-
sure was estimated at 999 hPa. The Sicilian meteorological
service (SIAS) measured > 200 mm convective precipitation
associated with Apollo in the area of Syracuse on the same
date. Apollo started to weaken on 30 October 2021 and made
landfall near Bayda, Libya, a few days later.

4.7.1 Medicanes and climate change

It is difficult to study trends in frequency and intensity of
medicanes under climate change. First of all, our knowledge
of historical medicanes is very limited before the satellite
era, and they are rare events with an estimated frequency of
between 1 and 2 events per year (Cavicchia et al., 2014a).
Medicane genesis is favored when an extratropical depres-
sion gets isolated from the polar jet stream. This cutoff be-
comes quasi-stationary on the Mediterranean Sea and can
use the large availability of heat and humidity from the sea
to produce organized convection. Recent studies of medi-
canes under climate change have therefore considered two
elements: the precursors, namely the cutoff low, and the po-
tential for organized convection once the first condition is
met (Cavicchia et al., 2014b; Romero and Emanuel, 2017;
Tous et al., 2016). On one hand, a recent study suggests that
the jet stream will shift northward (Stendel et al., 2021) and
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therefore cutoff lows on the Mediterranean Sea may become
slightly less frequent. On the other hand, the Mediterranean
Sea is warming faster than the larger oceans, increasing the
potential for convection once a depression system is present
in the area. We then expect to see fewer medicanes but more
intense ones (Gonzalez-Aleman et al., 2019).

4.7.2 Attribution of Medicane Apollo to climate change

We now use the ERAS dataset to perform the attribution of
the cyclonic circulation associated with Apollo in the past
and present climates (Fig. 10). We note that we will select
analogues independently of the extratropical or tropical na-
ture of the depression that has produced them. The analogue
average slp values for both the factual and counterfactual pe-
riods (Fig. 10b, c) do not reach slp minima comparable to that
of Apollo (Fig. 10a), although this may partly be an effect of
averaging maps with cyclones at slightly different locations.
The Aslp (Fig. 10d) displays a weak yet significant posi-
tive anomaly over the northern part of the domain, indicating
that factual analogue cyclones are less deep or southward-
shifted relative to counterfactual ones. Furthermore, we ob-
serve that temperatures are significantly warmer in the fac-
tual world, especially on the island of Sicily and on the south-
ern Mediterranean basin (Fig. 10e-h). This warming is asso-
ciated with a significant increase in precipitation in the fac-
tual period, likely due to the larger availability of heat and hu-
midity from the sea (Fig. 10i-1). These results must be inter-
preted with care because the analogue quality clearly shows
that Apollo’s circulation pattern is extremely rare compared
with the rest of its analogues (Fig. 10m). Apollo thus ap-
pears to be a black swan event. We do not detect remark-
able changes in the distributions of the predictability index
D (Fig. 10n) or the persistence ® (Fig. 100). However, the
event itself displays a lower D and higher ® when these are
computed using factual data rather than counterfactual data.
This could also have contributed to enhancing the persistence
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of precipitation on the same areas. We do see a clear increase
in analogues in the month of September in the factual pe-
riod (Fig. 10p): this is the warmest month for the Mediter-
ranean Sea, hence the most favorable for the development
of deep convection in association with cyclonic depressions.
This factor can greatly enhance precipitation, especially on
the mountain ranges exposed to the winds, as in the case of
Apollo, for the Etna and the Peloritani mountain ranges in
Sicily. Finally, no significant differences in ENSO (Fig. 10q)
and AMO (Fig. 10r) distributions conditioned to analogues
have been found between the factual and counterfactual pe-
riods.

In keeping with the general trends reported in Sect. 4.7.1,
our analysis highlights the potential intensification of precip-
itation associated with cyclones around the island of Sicily,
supported both by higher temperatures and increased occur-
rence of cyclones in the month of September, the warmest for
the Mediterranean Sea. However, we point to the black swan
nature of this storm compared to its analogues and therefore
to a careful interpretation of the attribution results obtained
above.

4.8 Scandinavian cold spell

During late November 2021, Scandinavia experienced
record-low temperatures for the season. On 28 Novem-
ber, the Nikkaluokta weather station in Sweden recorded
—37.4°C, which was the lowest November temperature
recorded in the country since 1980. Other stations in northern
Sweden recorded their lowest November temperatures since
the 1950s (SMHI, 2022a). Comparable records occurred
in the first days of December. In Norway, the —36.7°C
recorded in Kautokeino was the lowest November reading
since 2002 (SMHI, 2022b). These frigid temperatures were
part of a broader area of below-average temperatures, peak-
ing in the last week of November and first days of December,
and stretching from northwestern Russia all the way to Spain
(which recorded one of the top 10 coldest November months
on record, AEMET, 2022). The cold spell impacted trans-
ports, including suspension of entire train lines (SVT, 2022)
and an unusually large number of road accidents in southern
Sweden (SVD, 2022).

The cold spell was associated with a large ridge form-
ing over the North Atlantic starting from 23 November and
drawing cold Arctic and Siberian air over the continent. A
pressure dipole with a high over Scandinavia and a low over
central Europe further favored cold air advection. The At-
lantic Ridge persisted until early December, after which a
more zonal circulation occurred, bringing warmer air masses
over large parts of Europe.

4.8.1 Scandinavian cold spells and climate change

As discussed in Sect. 4.2.1, it is virtually certain that there
has been a decrease in severity and/or frequency of cold
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spells in the last several decades, and the consensus is that at
a global level this decrease will continue in the future. Scan-
dinavia fits this trend and has shown a significant decrease in
wintertime cold days in recent decades (Matthes et al., 2015).
In the future, the decrease in wintertime cold days is expected
to be stronger than in several other European regions (Dosio,
2016), as is the increase in yearly minimum daily-mean tem-
perature (Bernes, 2017, p. 102).

4.8.2 Attribution of the Scandinavian cold spell to
climate change

Figure 11 shows the results of our attribution analysis for
the Scandinavian cold spell. The slp analogues suggest that
the pressure dipole over Europe seen during the cold spell
is quite an unusual configuration and that such a dipole has
typically become weaker in the factual period (Fig. 11a—d).
The weaker dipole in the analogues during both periods cor-
responds to warmer t2m compared to the event, but there is
only a weak increase in the temperatures of the analogues
between the two periods over Scandinavia. The only excep-
tions are the coastal areas in western and northern Norway
(Fig. 11h). There is additionally a strong increase in temper-
atures over the Norwegian and Greenland seas and northeast-
ern Europe, in keeping with the lower pressure to the north
of Scandinavia in the factual period compared to the counter-
factual period (Fig. 11d). The lack of a significant warming
signal across Scandinavia is coupled to modest changes in
the seasonality of the analogues (Fig. 11p) and in precipita-
tion and the associated cloudiness (Fig. 111). We hypothe-
size that the cold Siberian air masses contributing to the low
Scandinavian temperatures during these events may not have
warmed significantly (Cohen et al., 2013).

The quality of the analogues is good and shows little
change when moving from the counterfactual to the factual
world (Fig. 11m), as does their predictability (Fig. 11n). In-
terestingly, the unusualness of the slp dipole configuration
highlighted in Fig. 11a—c thus does not translate to an un-
usually poor analogue quality for the event in question. The
persistence ® of the analogue patterns shows a weak increase
in the factual period, albeit with no significant change in the
distribution; the persistence of the event itself computed on
the factual data instead increases sharply relative to that com-
puted on the counterfactual data (Fig. 110). This provides an
alternative hypothesis to explain the weak change in Scandi-
navian temperatures between the two periods, in addition to
the above-discussed weak warming of Siberian air masses.
Indeed the longer persistence of the slp pattern — and hence
of the cold advection — in the factual period could partly com-
pensate for the effect of warmer air being advected over the
region. The increased persistence may be compared to the
findings of Matthes et al. (2015), who find no shifts from
longer to shorter cold spells in the northern high latitudes,
except for a decrease in only the longest episodes.
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Figure 10. Attribution for the Medicane Apollo on 29 October 2021. Daily mean sea-level pressure slp (a), 2 m temperatures t2m (e) and total
precipitation tp (i) on the day of the event. Average of the 33 sea-level pressure analogues found for the counterfactual [1950-1979] (b) and
factual [1992-2021] (c) periods and corresponding 2 m temperatures (f, g) and daily precipitation rate (j, k). Aslp (d), At2m (h) and Atp ()
between factual and counterfactual periods: colored—filled areas show significant anomalies with respect to the bootstrap procedure. Violin
plots for counterfactual (blue) and factual (orange) periods for the analogue quality Q (m), the predictability index D (n), the persistence
index ® (o) and the distribution of analogues in each month (p). Violin plots for counterfactual (blue) and factual (orange) periods for
ENSO (q) and AMO (r). Values for the peak day of the extreme event are marked by a blue dot. Horizontal bars in panels (m)—(r) correspond
to the mean (black) and median (red) of the distributions.
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Figure 11. Attribution for the Scandinavian cold spell on 28 November 2021. Daily mean sea-level pressure slp (a), 2m temperatures
t2m (e) and total precipitation tp (i) on the day of the event. Average of the 33 sea-level pressure analogues found for the counterfactual
[1950-1979] (b) and factual [1992-2021] (c) periods and corresponding 2 m temperatures (f, g) and daily precipitation rate (j, k). Aslp (d),
At2m (h) and Atp (I) between factual and counterfactual periods: colored—filled areas show significant anomalies with respect to the bootstrap
procedure. Violin plots for counterfactual (blue) and factual (orange) periods for the analogue quality Q (m), the predictability index D (n),
the persistence index ® (o) and the distribution of analogues in each month (p). Violin plots for counterfactual (blue) and factual (orange)
periods for ENSO (q) and AMO (r). Values for the peak day of the extreme event are marked by a blue dot. Horizontal bars in panels (m)—(r)
correspond to the mean (black) and median (red) of the distributions.
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Finally, the analogues show a significant change in ENSO
distribution, with a weak shift towards more positive ENSO
phases in the factual period (Fig. 11q). There is an associa-
tion between positive ENSO and more severe European win-
ters (e.g., Fraedrich, 1990, 1994), which may provide a fur-
ther explanation for the lack of significant warming in the
factual period analogues. The changes in AMO distribution
associated with the analogues in the two periods are incon-
clusive (Fig. 11r).

Based on the above, we conclude that the atmospheric con-
figuration driving cold spells such as the November 2021
episode has not become more unusual with climate change
and that the intensity of the cold spells engendered by similar
atmospheric configurations has not weakened significantly,
contrary to the decreasing trends observed in data and model
simulations for cold days in Scandinavia (Sect. 4.8.1). ENSO
may provide some modulation of the cold spell character-
istics between the two periods, but based on the moderate
changes observed in its association with the cold spell ana-
logues, we deem it unlikely to be the main physical driver of
our results. We thus interpret the November 2021 event as a
persistent cold extreme in a warming climate.

5 Conclusions

We have analyzed the atmospheric circulation associated
with a selection of high-impact extreme events occurring in
2021 from an attribution perspective. Specifically, we have
performed a semi-objective selection of a representative cir-
culation pattern for each extreme and have then identified
two sets of analogues: the first in the 1950-1979 period,
which approximates a counterfactual world; the second in the
1992-2021 period, which approximates a factual world. Re-
gardless the specificity of each event, our analysis evidences
the relevant role of atmospheric circulation changes under
anthropogenic climate change in controlling the characteris-
tics of many of these events, which is a conclusion of rele-
vance to the broader field of extreme-event attribution.

A second important outcome of this study is to include, in
the attribution framework, the systematic use of the dynami-
cal indicators of persistence and predictability. Persistence is
of particular interest, since there has been a lively scientific
debate on changes in atmospheric persistence and how these
may affect extreme events (Coumou and Rahmstorf, 2012;
Hoskins and Woollings, 2015; Wehrli et al., 2020).

Finally, we have studied the quality of the analogues —
namely the typicality of the analogues relative to the atmo-
spheric variability — and their changes over time. This brings
a third relevant outcome, namely the ability to understand
whether both a given circulation and its analogues are be-
coming more or less typical (i.e., have better or worse ana-
logues). The two do not always vary in tandem, meaning
that the quality of the analogues for a given extreme may
remain unchanged while the analogues of the analogues be-
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come better. While not immediate to interpret, this provides
some subtle insights into how the configurations conducive to
an extreme relate to the broader atmospheric variability typ-
ical of a given climate. In the case of Medicane Apollo, the
lack of good-quality analogues directly points to the unprece-
dented nature of this event, making it a black swan among the
weather patterns in Europe. It is therefore questionable to at-
tempt any attribution statements in this case. This finding is
also a warning that weather extreme events do not necessar-
ily belong to the sample of weather situations observed in the
last several decades.

The main limitations of our framework include the some-
what arbitrary choice of the region used to define the ana-
logues, the timescale for the selection of the analogues and
the number of analogues retained for analysis. Moreover,
only for two of the events — the Po Valley tornado outbreak
and Medicane Apollo — is it possible to statistically exclude
a role of natural inter-decadal variability of ENSO and AMO
in explaining differences in the analogues. We are well aware
of these limitations and have designed the study to mini-
mize their impact. The main advantage of working with ana-
logues of sea-level pressure is the possibility of applying ex-
pert judgment to select a region that includes the large-scale
cyclonic/anticyclonic structures concurring with the event.
The use of daily means allows us to average out the daily
cycle. Longer timescales have been tested, but they produce
worse analogues due to the fact that the synoptic structures
move too much and lead to aliased atmospheric patterns. We
nonetheless believe that longer timescales could be used to
study long-lasting extreme events such as droughts. Further-
more, at daily time resolution information about the station-
arity or lack thereof of the patterns is retained in the persis-
tence metric. We have tested the dependence of our results
on the number of analogues used and found that numbers be-
tween 25 and 50 analogues provide a good balance between
having meaningful statistics and selecting good-quality ana-
logues. Finally, we highlight that conventional extreme value
attribution shares many of the same limitations, including the
choice of the region, thresholds and timescale.

Our approach does not want to substitute extreme-event
attributions based on the statistical fitting of extreme value
distributions: those approaches can be used to inform stake-
holders of changes in return times of extreme events in fac-
tual versus counterfactual worlds, and they have been suc-
cessfully used by the attribution community in a large num-
ber of instances (Trenberth et al., 2015; Van Oldenborgh
and Van Ulden, 2003; Vautard and Yiou, 2012; Van Old-
enborgh et al., 2012; Trenberth et al., 2015; Vautard et al.,
2016, 2018). We rather see our analysis as complementing
statistical approaches by providing insights on the possible
changes over time of the dynamics underlying specific ex-
treme events, as described by National Academies of Sci-
ences, Engineering, and Medicine (2016). Further develop-
ment of this methodology can include the use of analogues
to flag populations of events that share the same dynamical
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origin, on the line of research proposed by Jézéquel et al.
(2018b) and Shepherd (2019). This would allow us to use the
tools of statistical attribution with an additional conditioning
from the analogues and to release an automated package that
produces these analyses in a matter of minutes as soon as
the ERAS data are available. Other possible extensions in-
clude searching for analogues of different observables such
as geopotential height, temperature on pressure levels, winds
and more. Although valuable, these options must be evalu-
ated with extreme care in the context of attribution because
of the non-linear trends already introduced by the anthro-
pogenic forcing on the average of these quantities (Jézéquel
et al., 2018a).

To conclude, the analogue approach to extreme-event at-
tribution shows that many extreme events are significantly
modified in the present climate with respect to the past, be-
cause of changes in the position, persistence and seasonal-
ity of cyclonic/anticyclonic patterns. Our approach, comple-
mentary to the statistical methods already available in the at-
tribution community, underscores the importance of consid-
ering changes in the atmospheric circulation when perform-
ing attribution studies.

Appendix A: Predictability and persistence indices

The attractor of a dynamical system is a geometric object de-
fined in the space hosting all the possible states of the system
(phase space). Each point ¢ on the attractor can be charac-
terized by two dynamical indicators: the local dimension D,
which indicates the number of degrees of freedom active lo-
cally around ¢, and the persistence ®, a measure of the mean
residence time of the system around ¢ (Faranda et al., 2017).
To determine D, we exploit recent results from the applica-
tion of extreme value theory to Poincaré recurrences in dy-
namical systems. This approach considers long trajectories
of a system — in our case successions of daily slp latitude—
longitude maps — corresponding to a sequence of states on
the attractor. For a given point ¢ in phase space (e.g., a given
slp map), we compute the probability that the system returns
within a ball of radius € centered on the point ¢. The Fre-
itas et al. (2010) theorem, modified by Lucarini et al. (2012),
states that logarithmic returns,

g(x(1) = —log(dist(x (1), ), (AD)

yield a probability distribution such that

Pr(z > 5(¢)) = exp [—ﬂ(;) (M)} : (A2)
o(g)

where z = g(x(¢)) and s is a high threshold associated with
a quantile g of the series g(x(¢)). Requiring that the orbit
falls within a ball of radius € around the point ¢ is equiva-
lent to asking that the series g(x(¢)) is over the threshold s;
therefore, the ball radius € is simply e =@ The resulting dis-
tribution is the exponential member of the generalized Pareto
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distribution family. The parameters @ and o, namely the lo-
cation and the scale parameter of the distribution, depend on
the point ¢ in phase space. (1 (¢) corresponds to the thresh-
old s(g), while the local dimension D(¢) can be obtained via
the relation o = 1/D(¢). This is the metric of predictability
introduced in Sect. 3.

When x(¢) contains all the variables of the system, the es-
timation of D based on extreme value theory has a number of
advantages over traditional methods (e.g., the box counting
algorithm, Liebovitch and Toth, 1989; Sarkar and Chaudhuri,
1994). First, it does not require us to estimate the volume of
different sets in scale space: the selection of s(g) based on
the quantile provides a selection of different scales s which
depends on the recurrence rate around the point {. Moreover,
it does not require the a priori selection of the maximum em-
bedding dimension as the observable g is always a univariate
time series.

The persistence of the state ¢ is measured via the extremal
index 0 < ¥ (¢) < 1, a dimensionless parameter, from which
we extract ®(¢) = At/9(¢). Here, At is the time step of the
dataset being analyzed. ©(¢) is therefore the average res-
idence time of trajectories around ¢, namely the metric of
persistence introduced in Sect. 3, and it has units of time (in
this study days). If ¢ is a fixed point of the attractor, then
®(¢) = oo. For a trajectory that leaves the neighborhood of
¢ at the next time iteration, ® = 1. To estimate ¥, we adopt
the Siiveges estimator (Siiveges, 2007). For further details on
the extremal index, see Moloney et al. (2019).

Code availability. The code to compute the dynamical indi-
cators of predictability D and persistence 6 is available at
https://fr.mathworks.com/matlabcentral/fileexchange/95768-
attractor-local-dimension-and-local-persistence-computation  (last
access: 25 October 2022; Faranda, 2022).

Data availability. ERAS reanalysis is available from the
Copernicus Climate Change Service Climate Data Store
(https://doi.org/10.24381/cds.bd0915c6, Hersbach et al., 2018).
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Attributing Venice Acqua Alta events to a changing climate
and evaluating the efficacy of MoSE adaptation strategy

Davide Faranda

1238 Mireia Ginesta', Tommaso Alberti (", Erika Coppola® and Marco Anzidei*

We use analogues of atmospheric patterns to investigate changes in four devastating Acqua Alta (flooding) events in the lagoon of
Venice associated with intense Mediterranean cyclones occurred in 1966, 2008, 2018 and 2019. Our results provide evidence that
changes in atmospheric circulation, although not necessarily only anthropogenically driven, are linked to the severity of these
events. We also evaluate the cost and benefit of the MoSE system, which was designed to protect against flooding. Our analysis
shows that the MoSE has already provided protection against analogues of the most extreme event, which occurred in 1966. These
findings have significant implications for the future of Venice and other coastal cities facing similar challenges from rising sea levels
due to extreme events. This study also provides a pathway to evaluate the effectiveness of adaptation in a scenario more frequent
and intense extreme events if higher global warming levels will be reached.
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INTRODUCTION

The Acqua Alta events in Venice have caused significant damage
to the cultural and economic heritage of the city over the years’.
These events, which involve the flooding of the city’s streets and
buildings, have become increasingly frequent and severe in recent
decades??. The three most devastating Acqua Alta events in terms
of costs and damages occurred on 04/11/1966, 29/10/2018, and
12/11/2019, and have particularly impacted the city’s cultural and
economic heritage* and a forth one from a comparable sea levels
high but less devastating occurred on 01/12/2008. The 1966
event®, also known as the “Great Flood of Venice", caused
widespread damage to buildings and artworks, including the
historic St. Mark’s Basilica. The 2018 and 2019 events, which
occurred within a year of each other, caused significant damage to
the city’s cultural landmarks and businesses, including the iconic
Caffé Florian and many of the city’s historic shops®. Figure 1
provides a schematic representation of the hazards faced by the
Venice lagoon due to rising sea levels. It shows the relationship
between sea level, flooded area, and estimated damages. An
empirical approach has been used to estimate the relation
between the sea level reached within the lagoon and the
economic damages based on data available for the four most
devastating events. An analytical function was designed using an
exponential law to link economic damage and observed sea level
change. The parameters of the fit were estimated using the
Levenberg-Marquardt algorithm and assessed for robustness
using the Least Absolute Residuals method (see Methods). Figure
1 also highlights significant flooding levels, such as the level at
which foodbridges are needed to walk across St. Mark’s square
and the level at which water enters the St. Mark’s Basilica.
Acqua Alta events in Venice result from a complex interplay of
various factors, as documented in literature’®, These events
involve high tides, which are influenced by natural phenomena
such as the moon’s position and phases, as well as the
gravitational forces exerted by other celestial bodies. However,

when strong winds blow across the Adriatic Sea towards the
Venetian Lagoon, they can cause an increase in the water level,
known as storm surge. This is because the winds push the water
towards the city and the narrow entrance of the lagoon limits its
ability to escape. The synoptic weather situation that causes these
strong winds is typically a low-pressure system over the
Tyrrhenian Sea, known as Genoa Low. If combined with high-
pressure systems over central and northern Europe, this creates a
strong pressure gradient and thus strong winds blowing towards
Venice, causing potentially hazardous conditions. The impacts of
the Genoa Low system as well as Mediterranean cyclones have
been widely documented in literature®'3, emphasising the
importance of understanding this synoptic weather pattern in
leading extreme events'#1°,

Climate change is widely considered to be a major contributing
factor to the increased frequency and severity of extreme weather
events, including storm surges and flooding'®. The Intergovern-
mental Panel on Climate Change (IPCC) has stated that the
increasing frequency and severity of extreme weather events are
very likely caused by human activities, including the burning of
fossil fuels and the resultant emissions of greenhouse gases'’.
These activities have led to changes in the Earth’s climate, which
have in turn altered storm patterns, increased sea levels, and
caused more frequent and severe weather events'”. Coastal zones,
such as the historical city of Venice and its lagoon in the Northern
Adriatic Sea, are particularly vulnerable to extreme sea levels,
requiring a realistic approach to assess the risks and future
projections of flooding, claiming for attribution studies of extreme
weather events to climate change'®24,

Given the peculiar landscape, Venice is expected to be
particularly vulnerable to climate change. Sea levels in Venice
have risen by approximately 26 centimeters over the past century,
with projections indicating a change in extreme total water level
between 20 and 40 cm for RCP4.5 (2100) and RCP8.5 (2050) and
up to 80 cm for the RPC8.5 (2100). Nevertheless, the complexity
of the climate system and the challenges of climate change make
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Fig. 1 Schematic representation of hazards for Venice lagoon.
The relation between the sea level and the flooded area as a
function of the estimated damages (filled coloured circles). The
horizontal dashed-dotted black lines mark significant flooding levels
corresponding to the sea level flooding St. Mark’s square (120 cm),
the level at which foodbridges are needed to walk across the square
(140 cm), and the level at which water will enter the St. Mark's
Basilica (160cm). The red dashed-dotted line marks the level
reached by the 04/11/1966 event known as “Great Flood of Venice"
and studied in this work. The inset shows the location of the two
tide gauge stations used to evaluate the sea levels within the lagoon
(Punta della Salute, yellow circle) and outside (Piattaforma, white
circle). The pink circles mark instead the position of the MoSE
barriers at the three inlets (Diga Nord, Malamocco, and Diga Sud).
Adapted from https://www.comune.venezia.it/it/content/venezia-e-
lacqua-alta under the Creative Commons Licence 3.0 for non-
commercial purposes.

difficult to evaluate the role of synoptic pattern changes in leading
to Acqua Alta extreme events?*, In the context of coastal floods in
the city of Venice, there is a notable lack of studies that have
attempted to attribute changes in atmospheric circulation over
the Mediterranean region to specific causes. The complex and
dynamic nature of the Mediterranean climate system in relation to
Venice, affected by factors as local topography, ocean currents,
and large-scale weather patterns, presents significant challenges
in identifying and understanding the underlying mechanisms
driving changes in atmospheric circulation. Despite the limited
research in this area, it is widely acknowledged that changes in
atmospheric circulation patterns can have significant impacts on
the frequency and intensity of coastal floods in Venice, as well as
on the city’s infrastructure and economy?S,

Despite these difficulties, the Italian government has invested
about 6.2 billion euros in the Experimental Electromechanical
Module (MoSE) project, which includes a series of mobile barriers
located in the three main channels that connect the lagoon with
the north Adriatic Sea?’~°. The MoSE project has faced some
delays and controversies, but the barriers were successfully tested
in 2020 and are expected to become fully operational soon.
However, the issue of Acqua Alta in Venice is complex and
multifaceted, requiring a coordinated and sustained effort to
address. The MoSE project represents an important step forward,
but further action is needed to mitigate the impacts of climate
change and protect this unique and valuable cultural heritage site.
The inset in Fig. 1 shows the location of the two tide gauge
stations used to evaluate sea levels in this article (Punta della
Salute and Piattaforma), while the pink circles indicate the position
of the MoSE barriers at the three inlets.

In this paper, we employ a methodology that combines the use
of analogue atmospheric patterns and statistical analysis [e.g. *°]
to attribute the increasing frequency and severity of Acqua Alta
events in Venice to climate change. Specifically, we use atmo-
spheric circulation patterns from the three most devastating
Acqua Alta events in the lagoon (04/11/1966 - 194 cm; 29/10/2018
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- 156 cm; and 12/11/2019 - 187 cm) and from a comparable (in
terms of sea levels) but less devastating one (01/12/2008 - 156 cm)
to identify analogues of these patterns in the recent past. By
comparing the frequency of these analogues to the historical
record, we assess the likelihood that the observed increase in
Acqua Alta events is due to natural variability or climate change.
To evaluate the effectiveness of MoSE (Experimental Electrome-
chanical Module) protection, we analyse the analogues of the
most extreme events and estimate the potential flood damage
that would have occurred without MoSE activation. Finally, we
perform a cost-benefit analysis to evaluate the economic
implications of MoSE activation during Acqua Alta events.

RESULTS
Attribution of the 1966 event

We compare sea level pressure (slp), 2 meter temperature (t2m),
total precipitation (pr), and the 10m wind speed Scirocco-
component (w) fields during Acqua Alta events in Venice from
1993 to 2022 (Factual Present) to the fields from 1950-1979
(Counterfactual Past), when human-driven climate change was
just beginning. The choice of the variables is justified by the need
of reflecting the airflows and weather conditions that characterise
extreme events beyond floods. The method (see details below)
ensures that comparisons are relevant, unlike purely statistical
modeling techniques, which aim to simply analyse meteorological
variables without tracing them back to the phenomena that
produce them.

On November 4th, 1966, Venice experienced the highest Acqua
Alta ever recorded since systematic measurements began. This
was due to strong Scirocco winds, a strong depression, and a
disastrous storm surge that breached the Murazzi (a hydraulic
defense structure) in multiple locations. The high water persisted
for 22 h above 110 cm and about 40h above 50 cm, causing
significant damage to the city, including power and gas outages,
flooded streets and buildings, and destroyed boats and busi-
nesses. The island of Sant’Erasmo disappeared under waves up to
4 meters high, and Murano’s glass factories were almost entirely
destroyed (https://nuovavenezia.gelocal.it/venezia/cronaca/2016/
10/17/news/la-cronaca-dell-aqua-granda-a-venezia-4-novembre-
1966-1.14265973).

The meteorological contribution to the Acqua Alta was
impressive, reaching 185 cm, while the maximum coincided with
an astronomical tide of only 9 cm. The Scirocco winds prevented
the outflow of water from the lagoon to the sea, and the minimum
subsequent high tide was 116 cm. At 06:00 pm, the tide gauge at
Punta della Salute reached 194 cm, the highest value ever
recorded. Although other Italian cities were also severely affected
by the storm, Venice was one of the most severely affected, and
the city remained isolated for days.

Figure 2 displays the results of the attribution analysis for the
1966 Acqua Alta event in Venice. The study used the sea level
pressure (slp), total precipitation (pr) and Scirocco 10m wind field
(W) of the event (Fig. 2a) to search for analogues for both
counterfactual (Fig. 2b) and factual (Fig. 2c) periods in the domain
10°E-15°E 42°N-47°N (Table 2). The slp field of the event consists
of a deep Genoa Low depression. The analysis found that the slp
field depicts negative anomalies on the southern flank of the
cyclonic pattern in the factual period with respect to the
counterfactual one (Fig. 2d). The temperature field does not
depict significant changes between the two periods (Fig. 2e-h).
The atmospheric pattern of the factual period is associated with
higher precipitation over Lombardy and Veneto, which can
enhance the contribution to Acqua Alta coming from the Adige
and the Po Rivers (Fig. 2i-I). The maximum Scirocco winds were
stronger over the Adriatic sea as well as over Veneto, which might
contribute to an increase in storm surge (Fig. 2m-p).
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Fig.2 Analogues Analysis for the 1966 Acqua Alta event in Venice. 6-hourly mean sea-level pressure, slp (a), 2-meter temperatures, t2m (e),
total precipitation accumulated over 24 h, pr (i), maximum Scirocco wind component over 24 h, w (m), centered at the time of the event.
Average of the 17 analogues found for the counterfactual [1950-1979] (b) and factual [1993-2022] (c) periods and corresponding 2-meter
temperatures (f, g), total precipitation (j, k) and Scirocco wind speed (n, o). Aslp (d), At2m (h), Apr (I) and Aw (p) between factual and
counterfactual periods: coloured-filled areas refer to significant anomalies with respect to the bootstrap procedure (significance is defined as

exceeding the 95th percentile in the bootstrap distribution).

Attribution of the 2008, 2018, and 2019 events

The Supplementary Information and Supplementary Fig. 1
describe the diagnostic of the analogues analysis for the 1966
event suggesting that the event is exceptional in both periods
analysed. Supplementary Figs. 2-4 show the analogues analyses
for the 2008, 2018, and 2019 events, respectively. The 2008 large
scale circulation closely resembles that of the 1966 event but with
a weaker depression. The 2018 event was associated to Vaia storm
and was also characterised by an atmospheric river®'. Such rivers
are not very common in the Mediterranean basin and they could
be important contributors to heavy precipitation. In this case, they
have presumably influenced the deepening rate of Vaia (see also
the huge signal in total precipitation reported in Supplementary
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Fig. 3). The 2019 event was due to a small-sized, secondary
cyclone over the Adriatic sea 32. Although it is not unusual for local
minima to form cyclonic circulations over the Adriatic Sea, often
becoming part of a broader low-pressure system that extends east
and west of the Italian peninsula, the small-scale cyclone played a
significant role in the flooding of Venice. Exploring the potential
enhancement of Acqua Alta events through atmospheric and
oceanic variability, Supplementary Note 1.4 and Supplementary
Fig. 8 shed light on this complex interaction. These materials
investigate how four prominent sources of atmospheric and
oceanic variability, namely the North Atlantic Oscillation (NAO),
the El Nino Southern Oscillation (ENSO), the Pacific Decadal
Oscilation (PDO) and the Atlantic Multidecadal Oscillation (AMO)
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Table 1. Summary of sea-levels (SL [cm]) and damages [MEUR] during the four considered Acqua Alta events in Venice.
# MoSE Variables Event [1950-1979] [1993-2022] [1993-2022]
Counterfactual Factual (with MoSE) Counterfactual (no MoSE)
1966 11 (40%) SL [cm]P 194 122 (116,189) 111 (59, 156) 123 (107, 156)
Damages [MEUR] 4.5 0.13 (0.09,1800) 0.25 (0.07, 28) 0.45 (0.06,28)
2008 09 (33%) SL [em]? 156 119 (114,165) 113(63, 148) 116 (97, 149)
Damages [MEUR] 28 0.20 (0.10,98) 0.25 (0.06, 11) 0.17 (0.06, 11)
2018 05 (17%) SL [cm] 156 122 (114,155) 123 (75, 148) 124 (111, 148)
Damages [MEUR] 28 0.32 (0.10, 27) 0.34 (0.07, 11) 0.38 (0.06, 11)
2019 08 (30%) SL [cm]P 187 116 (113,187) 111 (56, 141) 115 (102, 143)
Damages [MEUR] 1.7 0.13 (0.08, 1800) 0.25 (0.07, 4) 0.12 (0.06, 5)
# Mose indicates the number as well as the percentage of MoSE activations during the days anaologues of each event in the present period. Median values
and 5-95 percentiles (brackets) of the distributions of analogues are reported for SL and damages during [1950-1979] (counterfactual past), [1993-2022] with
MoSE activation (factual present), and [1993-2022] assuming no MoSE activation (counterfactual present).
Indicates significant changes between counterfactual past and factual present (with MoSE activation).
PIndicates significant changes between factual present (MoSE activated) and counterfactual present (supposing the MoSE is not activated).
These changes are determined used a Cramer von Mises test at 0.05 significance level 2.

might modify frequency or intensity of Acqua Alta events in
Venice. Our analysis suggests that while human-driven climate
change remains the dominant driver behind most observed
changes, the interplay of atmospheric and oceanic variability
could contribute to the intensification of these events. Specifically,
these natural factors could potentially exacerbate the conditions
leading to 2018 and 2019 Acqua Alta events.

The main question we want to address in the remaining of the
section is whether the MoSE is effective in reducing the damages
caused by Acqua Alta events in Venice that are similar (analogous)
to each of the four observed. To this aim we analyse the
relationship between sea level (SL) and damages. In this case we
extend the analogues search also one day before and one day
after the dates identified as analogues to account for possible time
lags. The period [1993-2022] is now partitioned into two different
sub-periods: a factual present, corresponding to the actual
scenario where the MoSE can be activated, and a counterfactual
present, where we assume that the MoSE is not operative. To
distinguish these two scenarios in terms of SL we make use of
measurements at Punta della Salute (factual present), located
within the lagoon (so, its measurements are affected by the MoSE
activation), and Piattaforma, located outside the lagoon and being
not affected by the MoSE. We retain the previously employed
definition of counterfactual past for the period [1950-1979],
however to avoid confusion we now rename it as counterfactual
past. Potential damages are estimated using an exponential
model with considering the daily operational cost of the MoSE,
estimated at 0.025 MEUR (https://www.pagellapolitica.it/articoli/
costo-mose-venezia), for the factual present. This analysis allows
us to evaluate whether the MoSE has already functioned as an
effective mitigation strategy. Results of this analysis are reported
in Table 1. Figure 3 shows the details of the results for the 1966
event and Supplementary Figs. 9-11 for the other events
analysed. First of all, we remark that the SL and the actual
damages estimated during all events are larger than both the
median values and even of the 95% percentiles of the SL and the
damages distribution for all periods. This hints to the exception-
ality of the events with respect to their analogues. For the 1966
event, we find 11 analogues where the MoSE has been operated
(factual present). Our analysis finds that factual presents show
significant reduction of SL with respect to both counteractual past
and present periods. Damages for the counterfactual past are on
average lower than factual and counterfactual presents with the
MoSE system reducing damages from 0.45 MEUR to 0.25 MEUR.
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Fig. 3 Sea-levels SL during the analogues of the Acqua Alta 1966
event for past (blue), present (orange) and counterfactual worlds
without MoSE (ocre). (a), and estimated damages of the flooding
events associated (b). In the violin plots, red (black) lines represent
average (median) values.

For the 2008 event, we find 9 analogues where MoSE has been
activated and significantly lower sea-levels for the factual present
both when compared to the conunterfactual past and counter-
factual present. When looking at the damages, the MoSE appears
as a non cost-effective measure with a median damage higher
than both factual and counterfactual presents. For the 2018 event,
there are only 5 analogues situations in the factual present and no
significant changes are found. For the 2019 event, we find 8
analogues where the MoSE has been operated (factual present).
As for 1966, factual present shows significant reduction of SL with
respect to both counteractual past and present periods. When
looking at the damages, the MoSE appears as a non cost-effective
measure with a median damage higher than both factual and
counterfactual presents.

By further inspecting the dates of the analogues (see Table 3 in
the counterfactual world none of the 2008, 2018, and 2019 events
is analogue to the 1966; conversely, in the factual world both the
2008 and 2018 events are analogues to the 1966 one. This allows
us, on one side, to state that, although its uniqueness in terms of
impacts, the 1966 is not unique, in a statistical sense; on the other
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side, we confirm, instead, that the 2019 is an unprecedented
event, also in a statistical view.

DISCUSSION

The analysis presented in this paper aimed at investigating the
benefit and effectiveness of the MoSE system in reducing the
damages caused by Acqua Alta events in Venice. To achieve this
goal, the study used an empirical approach to estimate the
relationship between sea level and economic damages, and
evaluated the effectiveness of the MoSE system in mitigating the
damages caused by events similar to four events in the past.

The results of the analysis show that, for events similar to the
1966, 2008 and 2019 events, the MoSE system has already
produced significant protection in terms of number of times of
activation of the system, compared to the counterfactual scenario
where the MoSE system was not in place. However, our results
also highlights the limitations of the MoSE system is used to
mitigate damages caused by some specific events, such as the
2018 event.

While our study provides important insights into the relation-
ship between sea level and damages caused by Acqua Alta events
in Venice, there are several limitations that should be considered
when interpreting our results. First, our analysis relies on
identifying analogues based on the sea level pressure, winds
and precipitation charts of the event, which may not fully capture
all the relevant atmospheric and sea-related conditions that
contribute to Acqua Alta. For example, our analysis does not
explicitly include the contribution of the atmospheric river
associated with the 2018 event 3! and the ERA5 reanalyses are
not always adequate to represent mesoscale cyclones as those
associated to the 2019 event 32, Indeed a slight displacement or
underestimation of the cyclone can cause errors of several
centimeters in the prediction of sea level height in a small basin
such as the Venice lagoon. Moreover, our database spans a limited
time, and future studies may benefit from incorporating additional
data sources and using more advanced machine learning
techniques to improve the accuracy of the analogues identifica-
tion process. Our analysis is based on empirical estimates of the
relationship between sea level and damages, which may be
subject to errors and biases. In particular, our model assumes an
exponential relationship between sea level and damages, which
may not hold under changing climatic conditions. Furthermore,
our data on damages is limited to reported losses, which may not
capture the full extent of the economic and social impacts of
Acqua Alta events. Finally, our analysis does not incorporate
information from climate models or other types of climate
projections, which could help to assess the potential impacts of
future climate change on Acqua Alta events in Venice. Incorporat-
ing such information would require additional data sources and
modeling techniques, and may be subject to uncertainties and
biases associated with the models themselves. The use of large
ensemble simulations will also help in discriminating the role of
anthropogenically driven changes of these patterns from the long
term variability of the climate system.

In conclusion, the results of this study have important
implications for the management of Acqua Alta events in Venice.
While we cannot attribute the observed changes exclusively to
one factor, the modifications of atmospheric circulation patterns
due to both natural and anthropogenic forced variability leading
to Acqua Alta events already greatly affect the city of Venice. Our
findings suggest that the MoSE system can be an effective
mitigation strategy for events with historical analogues, but
additional measures may be needed to address the potential
damages caused by unprecedented events®*. Future research in
this area should focus on improving the accuracy of analogues
identification, incorporating more sophisticated modeling techni-
ques, and expanding the range of data sources and variables used
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to assess the impacts of Acqua Alta events. From the point of view
of impacts, future research should focus to better understand the
effectiveness of the MoSE system in mitigating damages caused
by Acqua Alta events and to identify additional measures that can
be implemented to reduce the impacts of these events on the city
of Venice.

Our study represents one of the first examples that goes
beyond identifying the circulation drivers of extreme events to
quantifying the changes and their impacts. The framework we
presented is general and can be applied to other case studies.
However, our study also has limitations, like for example the
limited database of sea-level for the past, the limited analogues
used, and the fact that we did not use climate models. Despite
these limitations, our study provides important insights into the
attribution and impacts of extreme events, which are crucial for
developing effective mitigation and adaptation strategies. We
hope that our work will inspire future research and inform
policymakers in their efforts to reduce the risks associated with
extreme events.

METHODS
Data

We utilised the latest climate reanalysis data produced by the
European Centre for Medium-Range Weather Forecasts (ECMWF)
as part of the implementation of the EU-funded Copernicus
Climate Change Service (C3S). Specifically, we used the ERA5
dataset, which provides hourly data on atmospheric, land surface,
and sea state parameters from 1950 to the present at a horizontal
resolution of 0.25° x 0.25°33, The choice of using ERA5 data for this
study was motivated by the dataset’s consistency over a long
period of time (73 years), which allowed us to detect changes in
the large dynamics associated with Acqua Alta events. In addition,
the global nature of the ERA5 dataset allowed us to avoid mixing
data from different national weather services and ensured uniform
spatial and temporal coverage. While other observational or
reanalysis datasets were considered, such as E-OBS, MERRA, NCEP,
and CFSR, these were discarded due to the lack of sea-point
coverage or insufficient temporal and spatial resolutions. The
Centro Previsioni e Segnalazioni Maree (Center for Tides
Forecasting and Reporting) of the Venice Municipality provides
tide gauge data that is essential for understanding the frequency
and intensity of Acqua Alta events in Venice. The tide gauge data
records the water levels in the Venetian Lagoon at 16 different
locations, including the historical station of Punta della Salute.
These measurements are taken every 1h and are reported in
centimeters above the mean sea level, referred to the tidal zero of
Punta della Salute. The tide level data are freely available at
https://www.comune.venezia.it/it/content/dati-dalle-stazioni-
rilevamento.

Analogues methods

The attribution protocol described in Faranda et al.3° has already
been applied and validated for pressure maps leading up to series
of extreme events in the year 2021, including floods in
Westphalia®*, storm Alex3*, and wind-power changes.

Here we apply it for Acqua Alta events in Venice, as follows.
Considering that most of the Acqua Alta events analysed were due
to rapid, small-scale cyclones, we analyse hourly and 6-hourly
data. We divide the ERA5 sea-level pressure data set into two
periods: 1950-1979 and 1993-2022 each consisting of 30 years
data. We consider the first period to represent a past world with a
weaker anthropogenic influence on climate than the second
period, which represents our factual world affected by anthro-
pogenic climate change. Here, we assume that 30 years is a long
enough period to average out high-frequency interannual
variability of the atmospheric motions. This time period is also
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recommended by the WMO for the computation of climate
normals®”.

To account for the possible influence of low-frequency modes
of natural variability in explaining the differences between the two
periods, we also consider the possible roles of the El Nifo-
Southern Oscillation (ENSO), the Atlantic Multidecadal Oscillation
(AMO), and the Pacific Decadal Oscillation, the main sources of
natural variability.

Our methodology for identifying cyclonic event analogues relies
on sea level pressure (slp), total precipitation (pr), and Scirocco
wind speed (w) patterns. Scirocco wind represents the south-
easterly wind component (135°), calculated using the 10m zonal
(u) and meridional (v) wind components (see Eq. (1))

W = U10msin(135°) + viomcos(135°). (1)

To find the analogues we use 6-hourly data. Initially, we select
the time step with the minimum sea level pressure from the event
data and define the spatial domain covering the cyclonic low that
caused the event (Table 2). To ensure comparability and equal
weighting, we normalise each field ¢ = {slp, pr, w} using min-max
normalisation, based on the minimum and maximum values
observed throughout the 1950-2022 period (see, Eq. (2))

()i; — Pminij

Pscatedj = 7————— (2)
¢max,ij - ¢min‘i‘j

Table 2. Time and spatial domain used to find analogues.

TIME Spatial Box

1966-11-04-12 [10E-15E, 42N-47N]
2018-10-29-18 [5E-16E, 40N-49N]
2019-11-12-18 [SE-16E, 32N-45N]
2008-12-01-00 [SE-16E, 39N-48N]

Table 3. Analogues listed as extreme water heights by for

counterfactual and factual periods.

COUNTERFACTUAL FACTUAL

1966 1966

Date SL (cm) Date SL (cm)

1951-11-12 151 2000-11-06 144

1968-11-03 144 2008-12-012 156°
2018-10-29? 156°

2008 2008

Date SL (cm) Date SL (cm)

1951-11-12 151 2009-12-24 145

1979-12-22 166 2019-11-15 154

2018 2018

Date SL (cm) Date SL (cm)

1951-11-12 151 2000-11-06 144

1968-11-03 144 2002-11-16 147

1979-12-22 166 2009-12-23 143
2010-12-24 144

2019 2019

Date SL (cm) Date SL (cm)
2010-12-24 144

#Highlights the correspondence between analogues of the 1966 events
and other two events analysed in this study.
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We then compute the Euclidean distances of the three scaled
fields with respect to the event itself. The combined Euclidean
distance is determined by aggregating the Euclidean distances of
the dynamic field (slp) with that of the physical fields (pr and w) as

d(t) = \/ds/p(t)2 + \/dp,(r)2 +du (1) 3)

Based on the combined Euclidean distances, we identify the
best 17 analogues, corresponding to the records that minimise the
combined distance. For the factual period, as is customary in
attribution studies, the event itself is excluded. In addition, we
prohibit the search for analogues within a 1-week window
centered on the date of the event. Some of the analogues found
were listed as extreme water heights by for counterfactual and
factual periods (Table 3), also reported as exceptional Acqua Alta
events  (https://www.comune.venezia.it/it/content/le-acque-alte-
eccezionali). Finally, once the dates of the analogues are found,
we make use of ERA5 hourly data to compute the accumulated
precipitation over 24 h and the maximum Scirocco wind speed in
24 h, centered at the time of the event. This approach provides a
more comprehensive assessment of the impacts.

We examine the seasonality of the analogues during the
relevant season and their association with NAO ENSO, PDO and
AMO. We perform this last analysis using monthly indices from
NOAA/ERSSTv5 data and retrieved from the Royal Netherlands
Meteorological Institute (KNMI) Climate Explorer. In particular, the
ENSO index is version 3.4 as defined by Huang et al.3¢ and the
AMO, PDO index is calculated as described in Trenberth and
Shea®°. When the ENSO 3.4 index is positive, it corresponds to El
Nifio, and when it is negative, it corresponds to La Nifa.

We define several quantities to support our interpretation of
analogue-based assignment, including the analogue quality Q,
which is the average Euclidean distance of a given day from its 17
closest analogues. If the value of Q for the extreme event belongs
to the same distribution of its analogues, then the event is not
unprecedented, and the attribution can be performed. If the value
of Q is greater than those of its analogues, the event is
unprecedented.

We also use dynamical systems theory to compute the local
dimension D of each slp map, which is a proxy for the number of
degrees of freedom of the field, and the persistence index O,
which estimates the number of days we are likely to observe a
map that is an analogue of the one under consideration*®. We
compute the values of persistence for the extreme event in the
past, factual and counterfactual world and the corresponding
distributions of the persistence for the analogues.

We count the number of analogues in each month of the
extended Autumn season (September, October, November,
December) to detect whether there has been a shift in circulation
to months earlier or later in the season. This can have strong
thermodynamic implications, for example, if a circulation leading
to large positive temperature anomalies in early spring becomes
more frequent later in the season when average temperatures are
much higher.

Economic damage model vs. sea-level

We use an empirical approach to estimate the relation between
sea level reached within the lagoon and economic damages to find
an analytical function. We based our estimation on the reported
damages associated with the four most devastating events (04/11/
1966, 01/12/2008, 29/10/2018, and 12/11/2019) which costed 8000
MEUR, 20 MEUR, 47 MEUR, and 1000 MEUR, respectively (https://
www.businessinsider.com/flooding-cost-1-billion-of-damage-to-
venice-tourist-attractions-2019-122r=US&IR=T, https://www.bbc.co
.uk/newsround/50902267). Damage estimates are adjusted by the
inflation (http://resolver.tudelft.nl/uuid:ea34a719-79c1-4c6e-b886-
€0d92407bc9d). According to previous employed models for
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estimating hazard functions for floods*'** we use an exponential

law Damage [MEUR] = a exp b SL*, where SL" = SL/110, to link the
economic damage (in millions of euros) and the observed sea level
change for extreme sea levels larger than 110 cm. The parameters
of the fit are estimated by using the Levenberg-Marquardt
algorithm whose robustness is assessed by the Least Absolute
Residuals (LAR) method to minimise the absolute difference of the
residuals. The best-fit parameters are a=5.05(3.06,7.03)x 103
MEUR and b =0.35(0.25,0.45), where in brackets we report the
95% confidence levels, with an adjusted R? = 0.99 and a Root Mean
Squared Error (RMSE = 27). We also used a power-law fit to model
the economic damages as a function of the sea level,
Damage[MEUR] = aSL*®, with best-fit parameters
a=897(4.07,13.09)x 107> MEUR and b =66.19(47.04,85.34),
where in brackets we report the 95% confidence levels, with an
adjusted R? =0.84 and RMSE = 46. However, the results are not
statistically confident due to the under-estimation of damages for
sea levels <160cm. We are aware that only 3 events are not
sufficient to provide a robust assessment of fitting procedures,
however the use of exponential models to describe cost-benefit
assessments and risk-hazard results has been widely documented
in literature for different scenarios*'~*3. Furthermore, natural
hazards are generally characterised by exponential laws in their
occurrence as well as in their effects*® or modeled as cascade
processes (i.e. with a power-law model) where the resulting
dynamics is a series of mutually interconnected phenomena (as in
turbulence®®47),

DATA AVAILABILITY

ERA5 data are publicly available at climate explorer (http://climexp.knmi.nl/). Sea level
data are made available at https://www.comune.venezia.it/it/content/centro-
previsioni-e-segnalazioni-maree from the Centro Previsione e Segnalazione Maree -
Protezione Civile, Venice, Italy, under the License Creative Commons Attribution-
NonCommercial-ShareAlike 3.0 Italy (CC BY-NC-SA 3.0 IT).

CODE AVAILABILITY

The code to perform the analogues dynamical analysis is available at https://
fr.mathworks.com/matlabcentral/fileexchange/95768-attractor-local-dimension-and-
local-persistence-computation.
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Abstract

Oft-shore wind energy in Europe plays a key role in the transition to renewable energy, and its
usage is expected to increase in the next few decades. According to the working regimes of a wind
turbine, wind energy production can be disrupted by extreme atmospheric events related to low
wind speed below the cut-in wind speed and high wind speed above the cut-out wind speed. The
purpose of this work is to estimate the behavior of extreme winds on the European panorama, over
the period 1950-2020, in order to investigate the large-scale weather regimes related to them and
their impact on off-shore wind energy availability. We detected significant changes in the frequency
of high and low extreme wind events, proving that climate change or long-term internal climate
variability have already affected the off-shore wind power output. Moreover, the analysis of
weather regimes showed that high and low extreme wind events can occur simultaneously over
Europe. Our results suggest the necessity to implement efficient European energy management
policies, to minimize the deficit in wind power supply.

1. Introduction

Climate change is one of the most urgent challenges
that humankind confront nowadays. As reported by
the Intergovernmental Panel of Climate Change Syn-
thesis Report [34], adaptation and mitigation are the
main guidelines to follow in order to reduce and man-
age the impacts of climate change. Substantial cuts in
greenhouse gas emissions are necessary to reduce cli-
mate risks in the future (XXI century and beyond)
as they can contribute to climate-resilient pathways
for sustainable development [34]. To this purpose,
the European Union (EU) has planned ambitious
strategies: to cut emissions by at least 55% with
respect to the values in 1990 by 2030 (and 80% by
2050) and to become, by 2050, the first ‘net-zero’ car-
bon continent, i.e. able to compensate all emissions
of CO, [18], in the world. In this context, renewable

© 2023 The Author(s). Published by IOP Publishing Ltd

energy (RE) plays a key role: on one hand their devel-
opment and extensive usage can slow down climate
change effects and help to obtain the ‘net-zero’ car-
bon goal, on the other hand substantial local changes
in atmospheric conditions could modify, for better
or worse, their efficiency [10, 35, 39, 40], and their
demand [36].

Due to its increasing price competitiveness and
the development of high-efficiency technologies,
wind energy is playing, and it will play more and more
in the future, a significant role in the transition to a
RE system [46]. To gain the climate targets, the EU
is planning to scale up the off-shore wind industry
from the 12 GW capacity currently installed to 60 GW
by 2030, and to 300 GW by 2050 [17]. Nevertheless,
wind energy is one of the most variable and weather-
dependent RE, because of its natural dependence on
the wind speed, which can vary at different time
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scales, ranging from small-scale turbulence to sea-
sonal oscillations and up to long-term climate vari-
ability. Moreover, wind energy can be heavily affected
by extreme events, since under these conditions winds
can easily reach such speeds to force the turbines
to be parked or idled, or, conversely, not be strong
enough to move them, thus interrupting the energy
production.

Indeed, the potential wind power production’
(Wpet)» according to the working regimes of a wind
turbine [30], depends on the wind speed V by the fol-
lowing relation:

0 if V<V
Vv .
o if Vi< V< Wy
Wpot = Vi Vf ) (1)
1 if VR < V< Vo
0 otherwise

where Vg is the rated speed (13 ms™1), V; (3.5ms™ 1)
and V, (25 m s~!) are the cut-in and cut-off speed
respectively® [29].

When the cut-off threshold is overcome, the tur-
bines are stopped for security reasons (storm control),
and the loss in the wind power production can be
high, ranging from the 50% of the installed capacity in
halfan hour to 70% in 1 h [11]. Similarly, the turbines
do not work when the wind speed is lower than the
cut-in threshold, with consequent losses in the W,.

In Europe, high-speed winds are mainly associ-
ated with the passage of the so called extra-tropical or
mid-latitude cyclones [23], especially in autumn and
winter (supplementary, Extra-tropycal cyclones).

Changes in the intensity or frequency of the cyc-
lones (anticyclones) can cause changes in the occur-
rence of intense storms or low-speed winds events,
with possible impacts on the electric power gen-
eration. Therefore, it is of strong interest having
information about their features and tracks, as well
as knowing which weather regimes generate them
(supplementary, Weather regimes). While Grams et al
[26] have already analyzed the importance of weather
regimes in the average wind energy production by
assuming stationarity in weather regimes over the
historical period (1979-2015), here we extend this
viewpoint by specifically looking at the relationship
between extreme high/low-speed wind conditions
and weather regimes and by releasing the assump-
tion of weather regime stationary. Indeed, Bronni-
man et al [4] and Corti et al [8] evidenced that sig-
nificant trends in extreme winds frequency in the
historical period exist, as well as that natural atmo-
spheric circulation regimes have already changed due

7 Dimensionless indicator of the potential power production at
each location and time.

8 We chose these values because they are the most common, but we
specify that they are not universal and they correspond to a specific
wind turbine technology.
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to anthropogenic forcing. This motivates the present
study.

Identifying which weather regimes are associated
with extreme winds’ is of prominent importance in
order to have a complete view of the distribution of
the European wind energy resources. In fact, if the
same weather regime affects a large area, we could
have simultaneous multiple outages in the turbines
operation with consequent shortages in the wind
energy supply. In a future scenario with only RE,
this might even lead to partial or total blackouts,
with heavy impacts especially on cities and urban
areas. Contrariwise, if the weather regimes that cause
extreme wind events differ from area to area, with the
perspective of European energy management policies,
which provide investments for the construction of
infrastructures aimed to distribution, storage and
energy transmission, it would be possible to redirect
the energy to the affected zones and thus avoid tem-
porary blackouts [25, 32].

In light of these considerations, the general pur-
pose of this work is to estimate the behavior of
extreme winds on the European panorama, over
the period 1950-2020, in order to investigate the
large-scale weather regimes related to them and their
impact on off-shore wind energy availability.

The paper is organized as follows. In section 2, we
present the data which we will use in our forthcom-
ing analysis. In section 3, we investigate the presence
of significant trends in the occurrence of high/low-
speed wind events, over selected periods and regions,
by means of a non-parametric trend test. Finally, in
section 4, we investigate the weather regimes at which
the high/low-speed wind events occur, in order to
detect changes in their pattern, before drawing our
conclusions in section 5.

2. Data and methods

The more recent climate reanalysis released by the
European Centre for Medium-Range Weather Fore-
casts is ERA5, which provides data, from 1950 to
present, over different timescales, describing many
atmospheric, land-surface and oceans parameters
together with estimates of uncertainty. These data-
sets are publicly available at the Copernicus Climate
Data Centre [7] on regular latitude-longitude grid, at
0.25° x 0.25° resolution'.

For our analysis we used two subsets of ERA5 [27],
ERAS5 hourly data on single levels from 1950 to 1978
[15] and ERAS5 hourly data on single levels from 1979
to present [16], covering a period from 1950 to 2020
and selecting 6-hourly values, at 00:00, 06:00, 12:00
and 18:00. In particular, we selected three variables:

9 See section 2 for the definition of ‘extreme winds’.
10 This resolution corresponds approximately to 27.75 km?.
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N—44.5° N),Balkan Peninsula (18° E—26° E, 35° N—42° N).
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Figure 1. (a) 1950-2020 average 100 m horizontal wind-speed (m s—!). (b) Total number of events # above the 100 m horizontal
wind-speed cut-off threshold (25 m s~!) over the period 1950-2020. In order to distinguish more clearly the zones with the
highest number of events, we limited the range of values to 500. All the values >500 are mapped with the last color of the
colorbar. The black boxes indicate the areas specifically considered in this study: British Islands (12° W—3° E, 49° N—62° N),
North Sea (3° E—13° E, 51° N—59° N), Bay of Biscay (10° W—1° W, 43° N—49° N), Central Mediterranean (3° E—12° E, 37°

e 100 m u-component of wind, u ([m s~!]): eastward
horizontal component of wind speed, measured at
100 m above the Earth surface;

e 100 m v-component of wind, v ([m s!]): north-
ward horizontal component of wind speed, meas-
ured at 100 m above the Earth surface;

e geopotential, z ([m? s72]), at 500 hPa: the gravita-
tional potential energy of a unit mass, at a partic-
ular location at the surface of the Earth, relative to
mean sea level;

and we extracted a sub-region corresponding to the
European area: —12° W—30° E, 32° N—70° N.

To obtain the horizontal wind speed at 100 m'!,
V, we combined the u-component of wind with the
v-component:

V=vu2+v2 (2)

To calculate the geopotential height, zh, instead, we
simply divided z by the Earth’s gravitational accelera-
tion (9.806 65 m s2).

In figure 1, panel (a), it is represented the mean
of the horizontal wind speed at 100 m over the period
1950-2020. As shown by the map, the strongest winds
blow off-shore, with a peak of 11 m s~ ! off the British
Islands.

In this paper, we will refer to ‘extreme (wind)
events’ as the wind events with the wind speed in
the non-operating regime, according to (1). We will
call ‘high wind events’ the wind events with the wind
speed over the cut-off threshold and ‘low wind events’

11 We use the wind speed at 100 m as reference wind speed for the
off-shore turbines, which have a typical hub height ranging from
80 m to 120 m.

those with the wind speed under the cut-in threshold.
Moreover, we will consider as event every time-step
with the wind speed that satisfies one of these two lat-
ter constraints.

To have a clearer view of which zones are affected
by high wind events, we first masked the 100 m hori-
zontal wind speed, keeping only the values higher
than the cut-off speed. We then counted, grid point
by grid point, the number of events during the period
1950-2020 that satisfy this latter constraint (figure 1,
panel (b)). As expected, we found that this condition
occurs mainly off-shore, and we focused especially on
five regions, where high winds are observed more fre-
quently and where most of the farms are installed:
British Islands, North Sea, Balkan Peninsula, and the
areas off the south of France and north of Spain. These
regions are particularly favorable to the installation of
offshore wind farms because they experience quasi-
constant wind patterns. Specifically, the Bay of Bis-
cay, the British Islands and the North Sea lie on the
Atlantic storm track [13]; Central Mediterranean and
the Balkan Peninsula are affected by the Mistral and
Etesian wind patterns, respectively [43]. During the
summer months (June—July—August) no high wind
events are detected, while the peak occurs in winter
(December—January—February, DJF).

3. Trends in wind events

Focusing on the regions indicated in figure 1, we
investigated the existence of significant long-term
changes in the occurrence of extreme events during
the period 1950-2020. With this aim, we analyzed
their trends, separately region by region, by means
of the Mann—Kendall test at 95% level of confidence
[37]. We computed the test not only considering the
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Figure 2. Average change (red: increase, blue: decrease) in the number of high wind events per decade #/ten years over the period
1950-2020, during the whole year (a)—(c) and for the winter months (DJF, (d)—(f)), for British Islands, North Sea and Bay of
Biscay. Each map depicts only the grid points that exhibit significant changes.
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Figure 3. Average change (red: increase, blue: decrease) in the number of low wind events per decade #/ten years over the period
1950-2020, during the whole year (a)—(c) and for the summer months (JJA, (d)—(f)), for British Islands, North Sea and Bay of
Biscay. Each map depicts only the grid points that exhibit significant changes.
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number of events during the whole year, but also
apiece for summer and winter, during which most of
the events occur respectively for the low and the high
wind events.

Figure 2 shows the average change, per dec-
ade, in the number of high wind events, over the
period 1950-2020, during the whole year and for
the winter months, for British Islands, North Sea,
Bay of Biscay. In large part of these regions a sig-
nificant increasing trend is detected throughout the
years and for the DJF period (figure 2), as well as
in very small areas of Central Mediterranean. In
the Balkan Peninsula (not shown), instead, in both
cases, where detected, the trends are significantly
decreasing.

Figure 3 shows the average change, per decade, in
the number of low wind events, over the period 1950—
2020, during the whole year and for the summer
months, for British Islands, North Sea, Bay of Biscay.
For these latter regions it is observed a general average
decrease in the number of these events, with a signi-
ficant negative trend particularly strong in the num-
ber of events during the whole year. Contrariwise,

in Central Mediterranean and Balkan Peninsula, the
number of low wind events has markedly increased,
especially considering its trend during the whole year,
as shown in figure 4.

We want to stress that reanalysis is not always the
best tool for evaluating wind speed long-term vari-
ability, since there are still issues about its ability to
reproduce wind-speed trends [19, 42] and different
reanalysis can even disagree with each other [2, 47].
In fact, the reanalysis products could be affected by
errors in the observations and in the assimilation
procedure. Therefore, to have more robust results,
it would be recommended to use a multi-reanalysis
approach. Nevertheless, Faranda et al [21] stud-
ied trends in atmospheric circulation using differ-
ent reanalysis (ERA5, NCEP) and gridded interpol-
ated data (EOBS) finding that the qualitative res-
ults of large-scale circulation trends analysis remain
largely unaffected. Moreover, three recent works have
recently appeared pointing to the possibility of attrib-
uting different events to climate change on the basis
of reanalysis only: Faranda et al [20], Cadiou et al [5],
Ginesta et al [24].

4
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Figure 4. Same as in figure 3, but for Central Mediterranean and Balkan Peninsula. Each map depicts only the grid points that

exhibit significant changes.

Table 1. Number of affected grid points with the corresponding spatial area (km?) above the 95th percentile (high winds) and above the
99th percentile (low winds) for all the areas considered in this study.

Region High winds Low winds

British Islands 419 11627 1104 30636
North Sea 207 5744 668 18537
Bay of Biscay 244 6771 505 14014
Central Mediterranean 85 2359 778 21590
Balkan Peninsula 47 1304 671 18620

4. Weather regimes analysis for high/low
wind events

Since we want to investigate the extreme events that
may have, in each region, the most widespread impact
on the off-shore wind energy production, we restric-
ted the analysis to the events that involve a high num-
ber of grid points. To do so, starting from the data-
sets with only the 6-hourly wind speed values over the
cut-off threshold and under the cut-in threshold, we
selected, separately for each zone, the time-steps with
the number of affected grid points respectively above
the 95th percentile and the 99th percentile (table 1).

As expected, the British Islands is the region
with the most widespread high winds (457 time-steps
identified), followed at a distance by North Sea (97)
and Bay of Biscay (85).

In order to identify the different weather regimes
associated with the occurrence of extreme wind
events and to detect changes in their pattern, we took
some preliminary steps.

Firstly, for each region, we computed the anom-
alies in the geopotential height'?, for the high and
low wind events, over the time-steps selected follow-
ing the procedure mentioned above. To do this, for
each time-step we subtracted to ¢ the value of ¢ at
the same instant averaged over the month for all the

12 Going forward, the geopotential height will be referred to as ¢.

period 1950-2020. For example, to the value of the
geopotential height on the 01 February 1953 at 06:00
we subtracted the mean of the geopotential height
values on every day of February at 6 a.m. from 1950
to 2020. Then, we grouped the selected time-steps in
two sub-periods, past period (1 January 1950-30 June
1985) and present period (1 July 1985-31 December
2020), and we computed the anomalies in the geopo-
tential height averaged over these two time-windows,
together with the difference between present and past
average anomalies. To test the significance of the dif-
ferences we applied the bootstrap method, at the 95th
level of confidence. Moreover, to better understand
the nature of these differences, we analyzed the North
Atlantic Oscillation (NAO) index distributions for
both periods, by means of a two-sided Cramér—von
Mises test at the 95% level of confidence [9] (supple-
mentary, Weather regimes).

As shown in figure 5, high winds in British Islands,
North Sea and Bay of Biscay occur during the NAO+
phases. In the second period, the positive ¢ anomalies
become more intense and widespread over Central-
Southern Europe, and the gradient between pos-
itive and negative anomalies is accentuated, lead-
ing to a higher frequency of these extreme events
(table 2) over the zones considered and to stronger
winds over the British Islands and North Sea (supple-
mentary, figure 1). For these two regions, a signific-
ant change in the NAO distribution between present
and past period has been found, with a weak shift
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Figure 5. High winds. Composites of the geopotential height anomalies over the time-steps with the number of affected grid
points above the 95th percentile for the period 1 January 1950-30 June 1985 (a), (d), (g), (j), (m) and for the period 1 July
1985-31 December 2020 (b), (e), (h), (k), (n); difference between the climatology of present and past anomalies (¢), (f), (i), (1),
(o). British Islands (a)—(c), North Sea (d)—(f), Bay of Biscay (g)—(i), Central Mediterranean (j)—(1), Balkan Peninsula (m)—(o). In
the third column, shadings indicate significant changes.

Table 2. Number of events with the number of affected grid points above the 95th percentile (high winds, left column of each side) and
above the 99th percentile (low winds, right column of each side) for the past period (1 January 1950-30 June 1985) and for the present
(1 July 1985-31 December 2020) for all the areas considered in this study.

Region Past period Present period

British Islands 176 552 281 382
North Sea 38 493 59 369
Bay of Biscay 29 585 56 389
Central Mediterranean 32 531 31 513
Balkan Peninsula 9 477 10 561

towards more positive (neutral) NAO phases in the ridge pattern is found for the Central Mediterranean
present period for the British Islands (North Sea) (figure5) and, in the first period, for Balkan Peninsula
(supplementary, figures 3 and 4). Instead, an Atlantic ~ (figure 5), for which then it shifts to a Scandinavian
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Figure 6. Low winds. Composites of the geopotential height anomalies over the time-steps with the number of affected grid
points above the 99th percentile for the period 1 January 1950-30 June 1985 (a), (d), (g), (j), (m) and for the period 1 July
1985-31 December 2020 (b), (e), (h), (k), (n); difference between the climatology of present and past anomalies (¢), (f), (i), (1),
(o). British Islands (a)—(c), North Sea (d)—(f), Bay of Biscay (g)—(i), Central Mediterranean (j)—(1), Balkan Peninsula (m)—(o). In
the third column, shadings indicate significant changes.

blocking, with the center of the low pressure system
remaining located over the Balkan Peninsula. Accord-
ing to this behavior, figure 7 (supplementary) displays
a significant shift from positive to neutral NAO val-
ues in the present period. In both cases, contrary to
what happened for the areas in North Europe (British
Islands, North Sea and Bay of Biscay), there are sub-
stantially no changes in the occurrence of high winds.
However, there is a slight decrease in their intensity in
Central Mediterranean (supplementary, figure 1) and
changes, both positive and negative, in Balkan Penin-
sula (supplementary, figure 1).

Regarding the low winds, in each period and for
each region, their occurrence is related to a blocking

pattern with the high pressure zone over the affected
area (figure 6), and no significant changes in the
NAO distribution between present and past period
have been found (figures 8-12, supplementary). In
all cases, in the second period the intensity of the
positive anomalies increases, leading to stronger pres-
sure gradients and to higher anticyclonic (clockwise)
winds, causing a significant reduction in the num-
ber of low wind events (table 2). In Balkan Penin-
sula, on the contrary, we detected a slight increase in
the average number of days with low winds: indeed,
by looking at the associated ¢ patterns (figure 6),
rather than changes in the pressure gradients we
observe an extension of the high pressure area over
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the Mediterranean. This is consistent with the results
presented in [22], where a strengthening in the anti-
cyclones intensity is found over this region.

To account the possible influence of the low-
frequency natural variability, the El Nino-Southern
Oscillation (ENSO) and the Atlantic Multi-decadal
Oscillation (AMO) (supplementary, ENSO and
AMO) distributions have been studied [20], as done
for the NAO index. Regarding the high winds, we
detected significant changes between past and present
period in the ENSO distribution for British Islands
(shift to neutral values), Bay of Biscay and Central
Mediterranean (negative shift), and in the AMO dis-
tribution for Bay of Biscay, Central Mediterranean
(shift to lower values) and Balkan Peninsula (higher
values). Therefore, for these mentioned regions, we
cannot reject the hypothesis that ENSO and AMO
variability have influenced the behavior of the high
winds.

For the low winds, we found significant changes in
the ENSO and AMO distribution for all the regions,
with weak positive shift in the mean values in the
present period and/or marked changes in the shape
of the distributions between the two periods. This
implies that changes in the low wind speed behavior
can not be linked only to climate change but they are
also related to the internal climate variability, which
plays a relevant role.

5. Concluding remarks

In this work, we have estimated the behavior of
extreme winds on the European panorama, over the
period 1950-2020, and related them to the large-scale
weather regimes, drawing conclusions on their poten-
tial impacts on off-shore wind energy availability. In
particular, we focused on five regions: British Islands,
North Sea, Bay of Biscay, Central Mediterranean and
Balkan Peninsula. By means of the Mann—Kendall
test, we have detected the presence of significant
trends in the occurrence of wind events with the wind
speed above the cut-out threshold and below the cut-
in threshold, during the period 1950-2020. In Brit-
ish Islands, North Sea and Bay of Biscay a significant
increasing trend has been observed for high winds,
and a decreasing trend for low winds. Contrariwise,
in Central Mediterranean and Balkan Peninsula, the
number of low wind events has increased. Finally,
we have identified the weather regimes at which the
extreme wind events occur, analyzing the changes in
the average geopotential height anomalies and in the
average 100 m horizontal wind speed between the
past period (1 January 1950-30 June 1985) and the
present period (1 July 1985-31 December 2020). The
low winds events are related to blocking patterns with
the high pressure zone centered over the affected area.
This implies that extreme events with the wind speed
under the cut-in threshold can not occur, on aver-
age, at the same time at other locations. Conversely,
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we have found that high winds for British Islands,
North Sea and Bay of Biscay were related to the same
weather regime, namely the NAO+ phase. This fact
could lead, in the future, to widespread shortages in
the wind energy supply, possibly leading to partial or
total blackouts, with heavy impacts especially on cit-
ies and urban areas, in a scenario where energy is pro-
duced mostly by renewable sources. We remark that,
although the frequency of extreme events related to
high winds is relatively modest compared to the low
wind ones, they could lead to heavier impacts. In fact,
high winds not only prevent the RE infrastructures
from operating, because of the storm control, but they
may damage and sometimes even destroy the wind
turbines, making maintenance interventions neces-
sary and so extending the downtime.

In determining the behavior of low-winds events,
only ENSO and AMO played a significant role, while
for high winds in British Islands, North Sea and
Balkan Peninsula we found a significant link also to
NAO phases.

Our analyses, focused on historical climate data
for the period 1950-2020, have shown that cli-
mate change and internal climate variability inter-
vene together in affecting wind power availability over
Europe during extreme weather events. To perform
the analyses, as underlined at the end of section 3,
we chose to only use ERA5 reanalysis data-sets, and
not a multi-reanalysis approach. Furthermore, we
did not make use of models due to their limitations
in providing a coherent picture of low-frequency
modes of variability and their interactions [6], as
well as inconsistencies between numerical models and
reanalysis when it comes to temporal variations in
the atmospheric states—which is at the basis of our
analysis [38].

In addition, we point out that in this study we
have considered every grid point as a potential loc-
ation for the installation of wind turbines. However,
this is only possible in areas where the sea depth is less
than 1 km. Therefore, to increase the relevance of our
results, it would be beneficial to only consider the grid
points with an average sea depth of less than 1000 m.

A natural continuation of this study will be to look
at future climate scenarios. Various studies suggest
that climate change will not considerably affect the
average near-surface wind speed [28, 41] and there-
fore the average energy production. However, our
analysis could motivate further research by specific-
ally looking at extreme low/high winds that could not
necessarily follow the behavior of average wind speed.
In this context, it will be appropriate to use the new
convection permitting simulations available at high
resolutions [1]. A natural strategy to ensure robust-
ness of the results would be the use of ensembles cli-
mate simulations corresponding to different shared
socio-economic pathways.

The results of our work are consistent with the
previous literature that analyzed the influence of the
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weather patterns, and consequently of the wind con-
ditions, on the wind power generation [3, 14, 45,
48]. In particular, our paper has taken a clue from
the work of Grams et al [26]. In their paper, Grams
et al underline the lack of well-deployed installations
and of an efficient electric European net that could
handle electricity deficit periods. In addition, they
stress the necessity to plan the installation of new
capacity basing on the meteorological understand-
ing. Combining these considerations with the results
of our study, we can state that the planning of new
wind farms should take into account also the beha-
vior of the extreme wind events, which can represent
a threat to an efficient operation of the installations.
We finally remind that, to ensure that meaningful res-
ults are obtained, it is fundamental the use of suit-
able data-sets and an adequate time period to capture
detectable trends.
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