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Abstract

On 13" September 2022, the Marche region in central Italy was a ected by a heavy
precipitation event that caused extensive ooding, 13 deaths and 2 billion in damage.
The event was associated with a mesoscale convective system that stationed over the
Marche region from early afternoon until the late evening of 15 September.

In this thesis work, we focus on the large scale atmospheric circulation that deter-
mined the event. We identify as the key drivers a low pressure over the Iberian Peninsula
and a high pressure over the lonian Sea that forced a southwesterly humid ow which
triggered and sustained the precipitation event. Very high values of precipitable water
(PW) (up to 50 Kg m 2) and convective available potential energy (CAPE) (up to 5500
J Kg 1) in the Mediterranean area ensured a thermodynamic environment favourable to
very intense convection over central Italy.

We then focus on determining whether and to what extent anthropogenic climate
change (ACC) played a role in the occurrence of the event. By using the analogs method
for extreme events attribution, we identify past circulation states during fall (September-
November) similar to that of the event in a reanalysis dataset spanning the time period
1940-2022. We evaluate changes in variables associated with ow-analogs in the more
recent period (1992-2022) relative to the early period (1944-1970). Our results suggest no
signi cant trend in the frequency of occurrence of the large scale drivers of the event. The
most signi cant changes are instead found in the thermodynamic environment over Italy
during these circulations analogs: PW increases up to 6 Kg mand CAPE up to 1500
J Kg !in the central Mediterranean. These results highlight the impact on atmospheric
thermodynamic of anthropogenic global warming in increasing the potential for stronger
convective events during similar synoptic conditions.



Abstract

Il 15 settembre 2022 la regione delle Marche nell'ltalia centrale e stata colpita da
un evento di precipitazione estrema che ha causato lo straripamento di diversi umi,
13 morti e 2 miliardi di danni. L'evento era associato ad un sistema convettivo alla
mesoscala che ha stazionato sulle Marche dal primo pomeriggio no alla tarda serata del
15 settembre.

In questo lavoro di tesi, ci concentriamo sull'analisi della circolazione atmosferica alla
larga scala che ha determinato I'evento. Individuiamo nella bassa pressione sulla penisola
Iberica e alta pressione sul Mare lonio gli elementi chiave nel determinare i ussi umidi da
sudovest che hanno innescato e sostenuto l'evento. Valori molto alti di precipitable water
(PW) (no a 50 Kg m ?2) e convective available potential energy (CAPE) (no a 5500 J
Kg 1) nell'area mediterranea hanno assicurato un ambiente termodinamico favorevole a
temporali molto intensi sull'ltalia centrale.

Ci focalizziamo poi sul determinare il ruolo del cambiamento climatico antropogenico
nel veri carsi dell'evento. Applicando la tecnica degli analoghi di circolazione atmosferica
per l'attribuzione degli eventi estremi, identi chiamo gli stati di circolazione autunnali
(settembre-novembre) simili a quello dell'evento nel periodo 1940-2022. | cambiamenti
nelle variabili associate agli analoghi di circolazione vengono valutati nel clima recente
(1992-2022) rispetto a quello passato (1944-1970). | nostri risultati indicano che non vi
e nessun trend signi cativo nella frequenza con cui la circolazione alla larga scale as-
sociata all'evento si sia veri cata. | cambiamenti piu signi cativi invece si riscontrano
nell'ambiente termodinamico sull'ltalia durante gli analoghi di circolazione: la PW au-
menta no a 6 Kg m 2 e la CAPE no a 1500 J Kg ! sul Mediterraneo centrale. Questi
risultati evidenziano I'impatto sulla termodinamica atmosferica del riscaldamento globale
nel favorire eventi convettivi sempre piu intensi durante condizioni sinottiche simili.



Chapter 1
Introduction

In this introductory chapter, we discuss the heavy precipitation event (HPE) that a ected
the Marche region on 15 September 2022, within the context of ACC. First, we briey
describe the HPE and the resulting impacts. We then emphasize the relationship between
extreme events and Anthropogenic Climate Change (ACC), and nally we introduce the
sub eld of climate science dealing with the attribution of extreme events to ACC.

1.1 The 15 September 2022 Marche extreme precipi-
tation event

On 15 September 2022, the Marche region in central Italy experienced an extraordinary
HPE that caused the death of 13 people, dozens of injuries, and extensive damage. From
early afternoon until midnight, a longitudinally elongated mesoscale convective system
stationed over the region leading to very intense precipitation over the southern part
of the Pesaro-Urbino province, and over most of the Ancona province. Fig. 1.1 shows
the precipitation recorded by the regional rain gauge network accumulated between 1500
UTC to midnight. We see that most rain gauges measured values of accumulated rainfall
between 70 and 150 mm, with few measuring more than 200 mm [3]. The highest value
(425 mm) was measured in the mountain village of Cantiano (location in Fig. 1.2), where
the extreme rainfall caused an extensive ooding of the village (Fig. 1.3b). Several rivers
(Fig. 1.2) in the area swelled to above critical threshold and resulted in extensive ooding.
In particular, the coastal town of Senigallia was one of those hit the hardest (Fig. 1.3a).



The Misa River ooded the city center and surrounding countryside. The damage to
residential areas, agriculture, and industrial plants is estimated to be at least 2 billion
euros [1].

This major event was followed by a second very intense and localised HPE on the
16" and precipitation over the entire Marche region on the #7. This sequence of severe
weather increased the vulnerability of the region and complicated rescue operations.

Figure 1.1: Accumulated precipitation from 1500 UTC to midnight on 15 September
recorded by the regional rain gauge network. Colors refer to the maximum value in
municipalities where at least one rain gauge is located. Figure from [3].

1.2 Extreme precipitation events and Anthropogenic
Climate Change

The exceptional intensity of this event immediately raised the questions in the media:
what is the role played by ACC in its occurrence? Would an event of this magnitude
have been possible without the inuence of ACC? Has ACC made it more likely to
happen? These questions are challenging and do not admit straightforward answers.
As described afterwords, the relationship between extreme events and ACC is one of the
central aspects of the latest Intergovernmental Panel on Climate Change (IPCC) reports,
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Figure 1.2: Copernicus Sentinel3 on the early morning of September 16 shows multiple
sediment plumes poured into the Adriatic sea by the ood on previous day [38]. The
rivers that originated them are (from north to south): Metauro, Cesano, Misa, Esino,
Musone, Potenza. The location of the village of Cantiano is denoted by the red dot.

(a) Flooding in the area of Senigallia (Ancona)(b) Extreme rainfall in the village of Cantiano
on September 16 [15] (Pesaro-Urbino) on September 15 [70]

Figure 1.3: Pictures of the damage produced by the HPE.

and the attribution of individual extreme weather and climate events to human-induced
climate change is the subject of an entire relatively recent sub eld of climate sciences.
But how do we de ne an extreme event? According to the IPCC's de nition of climate



extreme [41]:

The occurrence of a value of a weather or climate variable above (or below) a threshold
value near the upper (or lower) ends of the range of observed values of the variable. By
de nition, the characteristics of what is called extreme weather may vary from place to
place in an absolute sense. When a pattern of extreme weather persists for some time,
such as a season, it may be classi ed as an extreme climate event, especially if it yields an
average or total that is itself extreme (e.g., high temperature, drought, or heavy rainfall
over a season). For simplicity, both extreme weather events and extreme climate events
are referred to collectively as “climate extremes'.

The latest IPCC Synthesis Report (IPCC AR6 SYR) [40] states that in the decade
2011-2020 the mean global surface temperature has increased byQ.felative to the
1850-1900 baseline period due to human-caused forcing (emissions of greenhouse gases
(GHGSs), aerosols, and land use). In particular, the relationship between extreme events
and global warming is a central aspect of the report, which already speci es in the rst
pages ([40] section A.2):

Human-caused climate change is already a ecting many weather and climate extremes
in every region across the globe. This has led to widespread adverse impacts and related
losses and damages to nature and people (high con dence).

The idea that observed changes in extreme events (such as, for example, heatwaves,
heavy precipitation, and droughts) can be attributed to ACC is becoming increasingly
established: the report states that human in uence hasikely caused an increase in
extreme precipitation, while it is virtually certain regarding the increase in heatwaves
(Fig. 1.4b). Some recent hot extreme events would have beextremely unlikelyto occur
without human in uence on the climate system ([75]). ACC is also considerdikely to
have increased the probability of compound extreme events ([40] section A.2.1), namely
a combination of multiple drivers and/or hazards that contributes to societal and/or
environmental risk [92]. In particular, the increase in compound ooding is attributed
with medium con denceto human-caused climate change (Fig. 1.4b), while it iBkely
that human in uence has increased the frequency of concurrent heatwaves and droughts
([40] section A.2.1).

In general, an increased probability of HPEs is to be expected in a warmer atmo-
sphere, since a warmer atmosphere can contain more water vapour. Specically, as



Figure 1.4: (a) Observed widespread impacts due to climate change and related losses
and damages on human systems and natural ecosystems. (b) Physical climate changes
connected impacts and their con dence level in the attribution to human in uence. (c)
Observed (1900 2020) and projected (2021 2100) changes in global surface temperature
(relative to 1850 1900), which are linked to changes in climate conditions and impacts.
Figure from IPCC AR6 Synthesis Report [40].



the temperature increases, the amount of water vapor in saturated air increases. The
Clausius-Clapeyron equation relates the fractional change of saturation vapor pressure,
and therefore the fractional change of the speci ¢ humidity at saturation, to the fractional
change of temperature [31]:

q € L T

9 &  RyT T (1.1)

whereq is the speci ¢ humidity at saturation, e is the saturation vapor pressure above
a liquid surface,L is the latent heat of vaporization, R, is the gas constant for water
vapor (461 J K ! kg ) and T is the temperature. In the typical conditions of the
lower troposphere, we havel 260 K and L=R, T 20. Hence, a 1% change in
temperature, which is about 3K, is associated with about a 20% change in saturation
speci ¢ humidity. In other words, the saturation speci ¢ humidity increases by about 7%
for each 1K increase in temperature. The solution of equation 1.1 at standard pressure
is plotted in Fig. 1.5 and it clearly shows the exponential increase of saturation specic
humidity with temperature.

An increase in HPE had already been indicated in the IPCC Sixth Assessment Re-
port (AR6) [42], in which it is stated (section A.3):

Figure 1.5: Saturation vapor pressures and saturation speci ¢c humidity g as a function
of temperature at standard pressure. Figure from [31].



Figure 1.6: Synthesis of assessment of observed change in heavy precipitation and con-
dence in human contribution to the observed changes in the world's region.

Inhabited regions are displayed as hexagons with identical size in their approximate ge-
ographical location. The list of the regions to which the acronyms correspond can be
found here. The colours on the hexagons represent the outcomes of the assessment on
observed changes: turquoise stands for increase with at least medium con dence in the
observed change, striped hexagons are used where there is low agreement in the type of
change for the region as a whole, and grey hexagons are used when there is limited data
and/or literature that prevents an assessment of the region as a whole. The con dence
level for the human in uence on these observed changes is based on event attribution
literature, and it is indicated by the number of dots: three dots stand fohigh con dence,

two for medium one solid dot forlow due to limited agreementind one empty dot for

low due to limited evidenceFigure from the IPCC ARG report [42].

the frequency and intensity of heavy precipitation events have increased since the 1950s
over most land area for which observational data are su cient for trend analysis (high
con dence), and human-induced climate change is likely the main driveFig. 1.6 sum-
marises regional observed changes in HPEs. Inhabited areas of the world are divided in
45 regions and in 19 of these an increase in HPEs is observed. In most of the remain-
ing regions (18) data and literature are insu cient to establish a change, and only in

8 regions there is low agreement on the type of change. HPEs are already having seri-
ous societal consequences (Fig. 1.4a): they produce damage both inland and in coastal
areas, they have a destructive impact on infrastructures and on economic sectors, for
instance industry and agriculture. All extreme events pose a danger to nature and peo-



Figure 1.7: Projected changes of annual maximum daily maximum temperature (a),
annual mean total column soil moisture (b) and annual maximum 1-day precipitation
(c) at global warming levels of 1.8C, 2°C, 3°C, and 4°C relative to 1850 1900. It is worth
noting that heat extremes are exacerbated in urbanized regions and thaettest-day
precipitation is projected to increase over all continental areas , even in regions
where soil moisture is expected to decrease. Figure from IPCC AR6 Synthesis Report
[40].
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Figure 1.8: Relationship between (1) the ve scenarios used in the IPCC ARG6; (2) global
mean warming levels relative to pre-industrial levels; (3) cumulative CO2 emissions.
White circles represent 2100 end-points for every scenario. Figure from IPCC ARG ([8]
Fig. 1.24).

ple in many ways (Fig. 1.4a): food and water security is endangered and less developed
communities are disproportionately threatened. Human mortality due to extreme heat
events, oods and storms has increased, especially in highly vulnerable regions where it
was 15 times higher compared to regions with very low vulnerability. Impacts associated
with extreme events result in even irreversible damages to biodiversity and are forcing
displacement of a ected communities all over the world. In urban areas hot extremes
have intensi ed, leading to critical issues in water and energy management, and endan-
gering the health of the most vulnerable people. In the coming decades, every additional
increment of global warming will cause larger changes in extreme events (Fig. 1.7). For
example, it is expected from climate projections witnigh con dencethat further warm-
ing will make compound heatwaves and droughts more frequent, and that very wet and
very dry weather will be further intensi ed ([40] par. B.1.3). Other projected regional
changes include intensi cation of tropical cyclones and/or extratropical stormsnfedium
con dence), and increases in aridity and re weather ([40] par.B.1.4).

To explore future climate developments, we rely on future emission scenarios. An
emission scenario (calle8hared Socioeconomic Pathways the latest IPCC report, [40])
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is a description of how the future world may develop based on several socio-economic
drivers, such as population growth, technological and societal development, and, most
importantly, the way to produce energy. Thus, assuming a speci ¢ future political and
socio-economic pathway, anthropogenic forcing (i.e., emissions of carbon dioxide, other
GHG gases, aerosols and land use) can be consistently estimated for the future years.
Since these political and societal choices are largely unpredictable (for example, no one
would have predicted the rise of China as a world economic superpower in the Seventies),
the IPCC ARG uses not just one scenario but several di erent scenarios ([8] par. 1.6.1),
de ned by di erent levels anthropogenic radiative forcing, going from the most optimistic
scenarios based on a sustainable future development (SSP1) to the most pessimistic sce-
narios based on fossil-fuel development (SSP5). Fig. 1.8 shows the relationship between
ve representative emissions scenarios used in the IPCC report, global warming and cu-
mulative carbon emission. We see that they explore a wide range of plausible futures
from potentially below 1.5C best-estimate warming to over 4C warming by 2100.

It is worth noting that the IPCC ARG6 (Executive Summary of Chapter 11, [75]) states
that even relatively small incremental temperature increases (+0°6) cause statistically
signi cant changes in extremes on the global scale and for large regions (high con dence).
This also applies to the intensi cation of heavy precipitation (high con dence). As a
consequence, the frequency and magnitude of pluvial ooding (due to exceeding drainage
capacity) are projected to increase (high-con dence). In particular, in the scenario of a
global warming level of 4C with respect to pre-industrial level, very rare HPEs would
become more frequent and more intense at a global scale ([75]). The intensi cation will
follow, globally speaking, the Clausius-Clapeyron relation discussed before (increase of
7% in the amount of water vapor in saturated air per 1C of global warming), although
regional departures are possible due to water availability and changes of the atmospheric
dynamics . The increase in the frequency will be non-linear and will be higher for rarer
events. As an example, the frequencies of 10-years and 50-years eventdikely double
and triple, respectively. Projected changes in HPEs show important regional di erences
that depend on the regional warming level, changes in atmospheric circulation and storm
dynamics (par. 11.4.5 of ref. [75]).
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1.3 Attribution of extreme events to ACC

Due to the signi cant societal impacts of weather and climatic extreme events, there is
great interest, both scienti cally and from the general public, in understanding the role
of ACC in single extreme events. The science of extreme event attribution deals exactly
with this scienti ¢ question: the ultimate objective for the science of event attribution

is to estimate how much ACC has a ected the magnitude or probability of occurrence
of an individual event.

Within the last 20 years, the attribution of extreme weather events to ACC has gone
from being considered impossible to becoming a blooming and very active eld of climate
sciences. Comprehensive and detailed reviews on this topic is provided, for example, by
the Attribution of Extreme Weather Events in the context of Climate Changeeport [60]
or by Otto (2017) [64]. The rst attribution study was performed by Stott et al. [81]
on the European heatwave of the summer 2003, that caused the death of more than
twenty-thousand people [55]. The authors estimate that it issery likely (con dence
level >90%) that human activities have at least doubled the probability of occurrence
of a heatwave of the same magnitude. Other seminal studies were those focusing on the
2010 Russian summer heatwave, which dramatically increased the mortality rate in the
country [56]. In fact, for this event, two apparently contradictory results were found
by two distinct attribution studies: one study found that the change in the intensity
due to ACC was small with respect to natural variability [18], while the second study
analyzed human in uence of the frequency of an event of that magnitude and found that
ACC had increased it of ve time with respect to pre-industrial times [69]. These two
works focused on complementary aspects, the intensity and the frequency of the event
(Fig. 1.9), and have raised awareness of the importance of clearly de ning events and
framing the attribution question [62].

1.3.1 Thermodynamic vs dynamic contributions

In general, ACC has an impact on both the atmospheric thermodynamics, i.e., on the
thermal structure of the atmosphere and associated moisture distribution, and the dy-
namics, i.e., on the prevailing winds and general circulation of the atmosphere [33, 74].
Since both are expected to change in response to ACC, climatic extremes will be shaped
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Figure 1.9: Return time of extremely high monthly mean temperatures in Western Russia
in the current climate (red) and an earlier climate (blue). The monthly average tem-
peratures are represented by a dashed line, while the magnitude of the 2010 heat wave
is depicted by a dotted line. The gray arrow illustrates the deviation from the average
magnitude, and the red vertical arrow represents the impact of ACC on this deviation.
The red horizontal arrow signi es the increased frequency of heat waves resembling the
one in 2010, attributed to human-induced climate change. Figure from Otto [64].

by both a thermodynamic and dynamic contribution. Regarding precipitation extremes,
which is the focus of this thesis work, a general increase in the probability of having
extreme rainfall in a warmer atmosphere is expected from the thermodynamic contribu-
tion (see discussion on the Clausius-Clapeyron equation in Section 1.2). However, while
the thermodynamic contribution is robust and well understood, several other physical
factors - like dynamical and microphysical contributions - govern the response of pre-
cipitation extremes, for which we still do not have a sound theoretical understanding.
Furthermore, climate models, that provide a fundamental tool for the characterization
of projected changes in precipitation extremes, are not expected to be reliable for precip-
itation extremes because of their biases in the representation of convective precipitation
[61].

Thermodynamic vs dynamic factors play a key role also in setting up a speci c, single
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extreme precipitation event. In fact, every extreme precipitation event is the result
of the non-trivial interaction between the atmospheric dynamics and thermodynamic
contributions. For instance, both the large-scale ow conditions and the atmospheric
capacity to hold water are crucial factors in the occurrence of a HPE. In the context of
attribution, it is often useful to assess the in uence of ACC on the two driving processes
separately, although the level of con dence that we have in the two contributing drivers
varies signi cantly: while the ACC thermodynamic signal is robust in observations and
climate models and well understood theoretically, ACC impacts on the atmospheric
circulations are less clearly understood and more di cult to be simulated by climate
models, which often show contrasting responses [76], [83]. This is also re ected in the
impacts on extreme events: the in uence of ACC on the thermodynamic component was
shown to have altered the frequency and intensity of several extreme events, while it is
more challenging to assess how shifts in circulation due to ACC impact extreme events
[87]. Projected changes in regional atmospheric circulation determine the local character
of ACC impacts on extreme events (IPCC ARG report ref. [42]). A better understanding
of the dynamic component is therefore crucial for extreme events attribution.

1.3.2 Denition of factual and counterfactual climates

In attribution science, there are a range of di erent methodologies and conceptual ap-
proaches that can lead to very di erent assessments and can generate confusion in the
public. For this reason, it is critical to clearly frame and communicate:

1. Thede nition of the event. There is noa priori scienti cally correct or incorrect
de nition of the event. The choice of the de nition is determined by a combination
of factors changing on a case-by-case basis: the impacts of the event, the availability
of reliable meteorological data, who is asking the attribution question... It is
important to keep in mind that the de nition of the event determines itself the
outcome of the attribution analysis and so its choice must be made carefully.

2. The attribution question. The usual question asked by the public and the me-
dia after the occurrence of an extreme event idVas that event caused by climate
change?This is an ill-posed guestion though, since ACC does not cause any single
event in a deterministic sense, but it can rather make some of them more likely
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to occur or more intense when they do. Therefore, the attribution question needs
to be rephrased more carefully (e.g., chapter 2 of ref. [60]). Examples of possible
rephrasing of this question arehas a speci ¢ extreme event become more or less
likely because of ACC? To what extent has ACC impacted its magnitude? Would it
have been possible without human in uencet is important to notice that distinct
framing of the attribution question lead to the choice of di erent methodologies.
Two approaches applied to the same extreme event can bring seemingly contradic-
tory results precisely because di erent approaches answer di erent questions. For
example, it is di erent to focus on the role of ACC on the frequency or intensity
of an event. The rst event that highlighted the importance of this di erence was
the 2010 heatwave in Russia, as we discussed earlier.

. The de nition of the counterfactual climate. In attribution science it is nec-
essary to analyze extreme weather events as they would have been in a climate
without ACC, the so-called counterfactual climate and compare them with those
which have occurred in the present climate, i.e., the so-callddctual climate As

no observations or experience of counterfactual climates are available, the counter-
factual climate must be either simulated through climate models or approximated
by the climate of historical periods in which the anthropogenic forcing can be
considered small ([64]). This last is de nitely the case when dealing with observa-
tions: a historical period in which anthropogenic forcing is considered to be small
is taken to be representative of the counterfactual climate, even though this is not
strictly true. The timing of this historical period has necessarily to be the result
of a compromise between the need to minimize anthropogenic in uence and the
availability of observational data. In model-based approaches, the counterfactual
climate is usually simulated removing the anthropogenic forcing. Hauset al.
(2017) [32] summarizes the three ways to de ne the counterfactual climate more
commonly found in the literature: (a) model simulations driven by natural forcing
only, that is by observed solar and volcanic boundary conditions, and pre-industrial
(i.e., around year 1850) levels of GHGs and aerosols; (b) model simulations run
with pre-industrial levels of GHGs and aerosols, but excluding historical natural
forcing variations; (c) model simulation forced with historical boundary conditions
(anthropogenic GHGs and aerosols) for years during which this forcing is relatively
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Figure 1.10: In the risk-based approach, the probability distribution of a generic climatic
variable (e.g., daily precipitation) is simulated in the factual (red line) and counterfactual
(blue line) climates. The extreme event is de ned through a threshold and the associated
probability of occurrence (red and blue shading) is assessed and compared in the two
cases. Figure from Otto [64].

small (for example, late 19th or early 20th century). This is an approach generally
adopted whenever (a) and (b) are not available. It is important to notice that the
choice of methodology to simulate the counterfactual, as well as the model used
and the boundary conditions imposed, critically impact the outcome of the attri-
bution study, and a multi-model and multi-method analysis would be crucial for a
solid attribution [32].

1.3.3 Dierent approaches for extreme event attribution

Event attribution studies use a variety of di erent methods and approaches. These ap-
proaches highlight di erent characteristics of the event and are somewhat complementary.
Here we brie y discuss them:

~ The risk-based approach. In the risk-based approach, the aim is to quantify the
change in the probability of occurrence of an extreme event due to ACC. The event
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is de ned through a threshold. There is no a priori de nition of such threshold,
and di erent de nition are possible ([75]). As an example, we can use two dif-
ferent de nitions for the threshold that de nes hot days: (a) a relative threshold,
identi ed with the 90" or higher percentile of maximum daily temperature over

a reference period; or (b) an absolute threshold, e.g., & because temperatures
above this threshold are usually associated with health problems. As we can see in
Fig. 1.10, the extreme event frequency in the factuaP¢) and counterfactual (Po)
climates are compared and it is assessed if their di erence is statistically signi cant.
A common way to compareP; and Py is through the risk ratio (RR), de ned as:

RR= = (1.2)

which quanti es how many times the event has become more or less likely in the
factual climate. If RR > 1, the event is more probable in the factual world and
the increase in probability is attributed to ACC.

It is important to stress that this method is generally applied to both observations
and model simulations. When observation are used®, and P, are obtained by
tting a probability distribution (e.g., Gaussian or Generalized Value Distribution,
see ref. [63]) to observation data. In practice, however, historical observations are
often available time periods (e.g., few decades) which are too short to accurately
t the tails of distributions or extreme value distributions, thus not enabling a re-
liable statistical evaluation of whether there has been a signi cant change in event
frequency or intensity. To overcome this limitations, climate model simulations
are used to de ne the factual and counterfactual climate. This approach has been
employed to several extreme events, including heat waves [81, 67], heavy precip-
itation events [84] and droughts [63, 65, 66]. Given the model data, probability
distributions are either tted to data or empirically reconstructed, especially when

a large number of points are available [85].

The Boulder approach . This methodology was developed by scientists at the
National Oceanic and Atmospheric Administration (NOAA) in Boulder, Colorado
(see ref. [64] for a review on applications). The Boulder approach aims to assess
the predictability of a single extreme event from large-scale circulation patterns.
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The focus is not on the simulation of the event statistics and so the question what
is the likelihood of the event and how will it change is not answered. Rather,
this methodology seeks to disentangle di erent causal factors related to large-scale
circulation leading to the event (Fig. 1.11), like SSTs, atmospheric forcing and
internal atmospheric variability.

The circulation analogs approach . The methodology was developed by scien-
tists at the Laboratoire des Sciences du Climat et de I'Environnement in France
(e.q., refs. [6, 89]). The focus of this approach is the dynamics associated with
the extreme event. The event is de ned by its circulation state and similar atmo-
spheric circulations, namely the analogs, are searched in reanalysis data or model
simulations [64]. Since this the methodology which will be applied in the present
study, we will not go into the details of the methods as this will be the subject of
Section 2.2. Let us just say that this technique allows us to assess if the circulation
that characterized an extreme event has become more frequent in recent times, or
if its seasonality has changed.

Furthermore, the analogs methodology enables us to take into account the dynamic
process leading to the extreme event, which is not possible in analyses based on ex-
treme value theory. On the other hand, it is worth noting that within the analogs
approach the likelihood of the extreme event is not estimated and it is not the
focus of the technique, as it is in the risk-based methodology. A combination of
these two methodologies helps to quantify the thermodynamic and dynamic e ects
(Section 1.3.1) in the overall change in the likelihood of an event [87]. Disentan-
gling these two e ects is one of the main challenges of attribution science and this
demonstrate that there is great value in analyzing the same event using di erent
methodologies.

1.4 Overview of this thesis work

The present thesis work has two key objectives. First, to analyze the evolution of the
HPE that a ected the Marche region on 15 September 2022, identifying the synoptic
drivers and the key meteorological processes that initiated and maintained it. Second,
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Figure 1.11: The boulder approach emphasises the role played by large-scale circulation
patterns in the occurrence of the extreme event. This gure shows the case of the Texas
heat wave of the summer of 2011. SST and precipitation anomalies are evaluated during
the event (top) and in previous months (bottom) in order to assess their in uence on
extreme summertime heat. Figure from Otto [64].

to identify the impact of ACC on similar large scale conditions and thus on HPE over
Central Italy. To achieve that, the method of circulation analogs is applied to reanalyses
to analyze similar atmospheric circulation states to that of the event in a present and
mid-twenty century climates. As an important caveat to this study, it is important
emphasizing that the focus here are HPEs and circulation analogs associated with HPEs
over the northern part of Central Italy rather than the speci c event happened in the
Marche region, since the spatial resolution of the reanalyses and its intrinsic limitations
in simulating convective precipitation do not allow us to realistically capture the details
of the event. Overall, this study is an important rst step toward an attribution study
of the event under consideration, as it investigates the relationship between large scale
drivers and HPEs.

The thesis is organized as follows: Chapter 2 provides a description of the dataset
and of the circulation analog method for extreme event attribution; in Chapter 3, the
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dynamics of the Marche HPE is presented and a detailed study of the large-scale drivers
is carried out; Chapter 4 is dedicated to an examination of circulation analogues and
associated meteorological variables of interest in the factual and counterfactual climates;
conclusions and an overview of the main ndings of the study are given in Chapter 5.
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Chapter 2
Data and methods

In this chapter, we describe the observations and reanalyses data used to study the
Marche HPE. Then, a detailed overview of the analogs methodology is presented. In the
following (Chapter 4), we will use this approach to compare similar circulation conditions
as those that led to the Marche HPE and identify the e ect of ACC on those. Finally,
we provide a description of the software employed to implement the analogs search to
our case study.

2.1 Data

2.1.1 Reanalysis

In the present study we use the ERAS reanalysis database. Retrospective analyses (or
reanalyses) merge observations unevenly distributed in space and time and models, with
the background model forecast to provide global four-dimensional and uniform gridded
atmospheric and climatic data associated with many dynamical and physical processes
[47] at very high time resolution (e.g., hourly). ERAS is the latest European Centre
for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis of the global
climate and it is produced by the Copernicus Climate Change Service (C3S) at ECMWF
[21]. ERAS is the fth generation of atmospheric reanalysis produced by ECMWEF, and

it presents signi cant improvements if compared to previous versions of the ECMWF
reanalyses [35]. One important improvement of ERAS is its enhanced temporal and
spatial resolutions (hourly output, 31km horizontal resolution, 137 vertical levels from
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Variable Units Description
The total amount of liquid and frozen water that
Total precipitation m precipitates on the Earth's surface. The accumula-
tion period is 1 hour.
Mean sea level pres- Pa Atmospheric pressure at the Earth's surface, ad-
sure justed to the height of mean sea level.
Horizontal rate of ow of water vapour mass in the
Vertical integral eastward direction:
of eastward wa- kgm s 1 IWVF = OTOA qu dz
ter  vapour  uXx where q is the speci ¢ humidity, u the zonal wind,
(IWVF ) the air density and TOA the Top of the Atmo-
sphere.
Horizontal rate of ow of water vapour mass in the
Vertical integral northward Igirection:
TOA
of northward water | kgm ts? IWVFV:_ o @V (_jz - o
vapour ux (IWVF ) Whereq is thg speci ¢ humidity, v the meridional
wind, the air density and TOA the Top of the
Atmosphere..
3\/?;2 u-component of ms ! Eastward (zonal) component of the 10m wind.
10m v-component of ms ! Northward (meridional) component of the 10m
wind wind.
tSu?: ?Sug%c € temperay K Temperature of sea water at the surface.
Total column water, Vertical mass integral of water vapour, liquid water,
also called precip-| kg m ? cloud ice, rain and snow in an air column from the
itable water (PW) Earth's surface to the TOA.
Potential %nergy given by the total excess buoyancy
CAPE = - Fdz
where F is the upward buoyancy force per unit vol-
Convective available ume on the rising air parcel due to the temperature
potential energy | Jkg ! di erence betwe(?n the pgrcel and the _surroundi_ng
(CAPE) environment, ' is the air parcel density, LFC is

the level of free convection and EL the equilibrium
level [53]. CAPE de nes the theoretical maximum
velocity that a positively buoyant air parcel could
acquire through adiabatic ascent.

Table 2.1: ERAS 2D surface variables used in the thesis work [13].
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. . Levels _
Variable Units [hPa] Description

Gravitational potential per unit

mass relative to sea level at a spe
Geopotential m?s 2 500, 300 | cic Ioc%ion:

(2)= ,9d?

Geopotential divided by gravita-
tional acceleration at the Earth's
Geopotential height m 500, 300 surfaceqo:

- (2

R
Horizontal divergence of velocity:
Divergence st 950 - @u, @

° T V=t oy

Mass of water vapour m in a unit
mass of air (dry air my plus water
Speci ¢ humidity kgkg ! 1000-300 | vapour m,):

— _my
q= my+mg

Eastward component of the wind

U-component of wind | ms ! 1000-300 n
V-component of wind | ms * 1000-300 | Northward  component of the
wind (V).

Rate of transfer of water vapour,
obtained combining specic hu-

Moisture ux ms 1 1000-300 | midity and u and v components of
wind: WVF, = qu, WVF, = qv

Table 2.2: ERAS 3D variables on pressure levels used in the thesis work [12].

the surface of the Earth up to a height of 80km). ERAS5 provides an expanded range
of atmospheric and climatic variable and bene ts from 10 years of model development
since the prior reanalysis ERA-Interim. From March 2023, the period cover was expanded
from 1940 to the present [34], thus providing more than eighty years of data. The ERA5S
reanalysis products are accessible to the general public and can be freely downloaded
via the Climate Data Store [20]. Data are provided on a regular latitude-longitude grid
with a 0.25 resolution on 37 pressure levels, in NetCDF les. Besides the hourly means,
data are available at the daily and monthly scale too.
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Tab. 2.1 and Tab. 2.2 provide a summary of the ERA5 variables we use in this
thesis work, divided between 2D surface parameters and 3D height-dependent variables.
Speci cally, we use total precipitation accumulated over 24 hours on the day of the
event to characterize its intensity. The use of the precipitation eld from reanalyses
comes with a big caveat, though. In fact precipitation is not directly assimilated into
ERAS (as in all other reanalyses products), but is generated by the atmospheric model
of the ECMWEF's Integrated Forecast System. Even if reanalyses precipitation data
have undergone through a considerable improvement in the latest developments, relevant
biases and errors still remain[4]. As such, precipitation as well as other variables relating
to the hydrological cycle should be used with caution. We use hourly mean sea level
pressure (SLP) and 500 hPa geopotential height (Z500) maps to study the evolution
of the atmospheric circulation associated with the event. We exploit the availability of
variables like the vertically integrated water vapour ux (IWVF), the moisture ux as
a function of height, the precipitable water (PW) and the convective available potential
energy (CAPE) to analyze the evolution of atmospheric water vapour uxes and the
thermodynamic atmospheric background before and during the Marche HPE. Surface
divergence and 10m wind elds are used to explore the initiation and maintenance of the
mesoscale convective system. We examine daily mean sea surface temperature (SST)
to assess to what extent higher-than-normal SSTs in the western Mediterranean Sea
favoured the HPE. Finally, we use 300 hPa geopotential height (Z300) and the zonal
and meridional wind components at 300 hPa to identify the drivers of the HPE at the
planetary scale.

2.1.2 Additional precipitation's datasets

Because of the limitations of reanalyses in representing the precipitation eld realistically,

we employ two additional precipitation datasets to characterize the Marche HPE, that

is either direct in situ measurements or estimates retrieved from satellite observations.
Speci cally, we have:

1. The regional rain gauge network of the Marche region. As the dataset is not
publicly available, we use the maps elaborated by the Civil Protection Department
of the Marche region and published in the event report [3].
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2. The IMERG product managed by NASA [39], that estimates precipitation combin-
ing information from the GPM satellite constellation and provides observational
data at high spatial and temporal resolution (10 km/0.2 and 30 minutes).

Three data versions exist: Early, Late and Final run. The Final run is the one
recommended for research because it includes also rain gauge data, but unfortu-
nately it was not available for September 2022 at the moment of this work and so
the Late run (available at [59]) is used for this research.

2.2 The analogs methodology

2.2.1 General idea behind the method

The analogs methodology is an attribution approach focused on atmospheric circulation
designed by scientists at the Laboratoire des Sciences du Climat et de I'Environnement
[90, 89, 6, 86, 45]. With this approach, we search for historical atmospheric circulation
patterns very similar to the synoptic situation of a given extreme event. We call these
atmospheric states circulation analogs or simply analogs. The analogs methodology
allows us to evaluate the probability of occurrence of an extreme everinditioned to a
speci c circulation state, i.e., the ow-conditioned probability. The analog methodology
also allows us to determine how meteorologically similar events have changed (for ex-
ample, due to the thermodynamic e ects of climate change) and whether the frequency
of such circulation states has changed through time. In general, this approach provides
insights on the dynamical factors leading to an event. As discussed in chapter 1.3, we
have a lower degree of understanding about how ACC is altering the dynamical drivers
of extreme events as compared to the thermodynamical ones [61].

The analogs methodology has been applied to investigate the ACC in uence on the
dynamics of several extreme events. The methodology was designed and rst applied by
Yiou et al. (2007) [90]. The authors applied it to the case of the exceptionally warm
2006/2007 fall and winter and found that although the circulation state was favorable to
the occurrence of the event, it was not the main driver. The temperatures that charac-
terized the event were signi cantly bigger than those associated with ow analogs. The
authors identify therefore the thermodynamic component as the main factor explaining
warming. The methodology was later used by Vautard and Yiou (2009) [86] to explore
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the relationship between atmospheric circulation and recent changes in the European
surface climate. They found that over the past six decades, changes in atmospheric cir-
culation have been the primary factors in uencing surface weather trends in winter. In
summer, however, temperature had a signi cant impact on the water cycle, and dynamics
became a secondary factor.

2.2.2 Flow-conditioned probability of the event

A more detailed description of the method is now provided. Let be the meteorological
variable characterizing the event. As an examplg; can be near-surface temperature in
the case of a heatwave or precipitation in the case of a HPE. The extreme event then
occurs wheny overcomes a thresholdpgy The atmospheric ow Fe associated with the
event can be represented by any dynamical variable which is signi cant for the de nition
of the synoptic circulation leading to the event. For examplei: may be de ned in terms
of SLP or Z500 patterns over the domain associated with the event. The probability to
have an extreme event conditioned to the speci c circulatiorfre is assessed selecting a
set of K circulation statesFy (k = 1;2;:::K) similar to F, the so-called analogs. An
objective way to select theK most similar analogs toF., extensively used in scienti c
literature, is to look for circulation states Fy that minimize the Euclidean distancedg
from Fe(X):

X
de(t) = JF( 1) Fe(Xte):] (2.1)

x domain
where R(X;t) is the event circulation state occurred at time ¢, and x the space variable
(e.g., longitude, latitude) belonging to the chosen spatial domain. After calculatingg (t)
for all time t of the dataset, we obtain a time series of distancek (t) from which we
select the rst K smallest circulation states.
We can then express the ow-conditioned probability as

) Ka
P(y>yojF)= K (2.2)

whereK is the number of the closest analogs t6, and K, is the number of analogs for
which the thresholdyy is exceeded [87]. It is worth noting that there is no a priori right
choice of the search domain and the identifying variable &f. These choices, however,

27



de ne the features searched for in the analogs selection and therefore critically a ect the
set of analogs identi ed.

2.2.3 An application of the analogs methodology: dynamical vs
thermodynamical contribution to a HPE

Vautard et al. (2016) [87] develop a methodology based on ow-conditioned probabili-
ties that allows for a separate attribution of ACC dynamic and thermodynamic impacts
on extreme events. To do so, they simulate two ensemblesNy factual and N, coun-
terfactual ows and compare the ow-conditioned probability in the two worlds. The
probability of exceedance in the two worlds is de ned as the average of the individual
ow-conditioned probability associated with ows in the two ensembles:

1 X .
Pr(y >Yo) = N, Pr (Y >YojFin) (2.3)
n=1
1 Xe .
Pc(y > yo) = N Pe(y > YojFen) (2.4)
¢ n=1

whereF., and F.,, are the individual circulation analogs composing the two sets.
To estimate dynamical changes, we subtract from equation 2.3 the exceedance prob-
ability obtained using counterfactual ows and looking for their analogs in the factual

world;
1 X | 1 Xe |
Payn (Y > X o) = N, Pr(y >VYojFn) N Pr(y >YojFcn) (2.5)
n=1 ¢ n=1

The thermodynamical contribution is isolated subtracting from equation 2.3 the ex-
ceedance probability obtained using factual ows and looking for their analogs in the
counterfactual climate:

1 X | 1 X .
Prem (Y >Yo) = o Pr(y>YolFin) - Py >YolFen) (2.6)
f n=1 f n=1
Vautard et al. apply this methodology to the extreme January 2014 precipitation event
in Southern UK. The event caused ooding and storm surges in southern England and
Wales, and ¢451 million in damage [73]. They de ne the circulation staté as January
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monthly mean SLP maps over NE Atlantic and Europe and assess percentage dynamical
and thermodynamical contribution through equations 2.5 and 2.6:

Payn (Y > Yo)
100 2.7
Pi(y >VYo) Pc(y>Yyo) @7

Pi(y >Yo) Pc(y>Yyo)

Fig. 2.1 shows the overall change in the probability of extreme precipitation in the
factual world with respect to the counterfactual as a function of the precipitation amount
threshold xg, highlighting the two percentage contributions. The four panels of Fig. 2.1
show the sensitivity of the results to the number of analogs and the de nition of distance
used to detect the analogs. We see that methodological changes have little impact on
the average results. In all cases in Fig. 2.1, shifts in large-scale ows account for 20%
- 50% of the overall probability change, and the dynamic contribution decreases as the
threshold increases. As speci ed by the authors, this approach can also be applied to
observations or reanalysis data, searching for factual and counterfactual analogs in recent
and past time intervals. In this case, it is important to verify if the di erence between
factual and counterfactual can be explained by long-term natural variability.

2.2.4 Other applications of the analogs method

The analogs methodology has been used to investigate di erent types of extreme events.
In the following we will brie y review a few outstanding examples. Cattiauxet al. (2010)

[6] apply it to the cold temperatures recorded in Europe during winter 2009-2010. The
winter of 2009-2010 was associated with a persistent negative phase of the North-Atlantic
Oscillation, causing extreme cold temperature anomalies over northwestern Europe. Al-
though the associated dynamics was one of the most favorable to cold weather since
the 1820s, the authors show that the event was not extreme with respect to the past
sixty years. Moreover, temperatures associated with past ow-analogs were signi cantly
lower than those of winter 2010 (Fig. 2.2). We can consider the event as an example
of a cold extreme mitigated by climate-warming (see the linear trend in Fig. 2.2(d)).
Vautard et al. (2016) [87] exploit the analogs methodology to show that the extreme
precipitation totals observed in January 2014 in Southern UK can be attributed for one
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